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I. INTRODUCTION 
Since their discovery in 1824, by Woehler, the series of 
nonstoichiometric compounds, known as "tungsten bronzes" 
because of the deep bronze coloration exhibited by Na^ gWO^, 
have been the subject of intense experimental and theoretical 
study. The bronzes are indeed an intriguing group of com­
pounds because, depending upon M and x, they exhibit almost 
every known excitation in the solid state, being semicon­
ductors , metals, superconductors, ferromagnets, and anti-
ferrcmagnets. 
Shanks (1972) discovered a new compound—a black, tri-
clinic semiconductor of composition Na^ 33^0^—during a 
crystal growth study of tungsten bronzes. Franzen et al. 
(1972) suggested that this new compound contained one layer 
of tungsten atoms (there are a total of five layers per unit 
cell) that were coordinated by a trigonal-bipyramid of 
oxygens, rather than the usual octahedra of oxygens found in 
all other tungsten bronzes. The proposed unusual five-fold 
coordination for the tungsten atoms suggested the possi­
bility that this compound contained a layer of paramagnetic 
ions. The main objective of this thesis was to study 
this proposition with the help of electron paramagnetic 
resonance (EPR) . 
Shanks (19 72) also reported the discovery of a lithium 
2 
isomorph of the compound Na^ 33^0^ that was also investi­
gated by EPR. 
EPR studies have been found useful in the study of semi­
conducting vanadium and molybdenum bronzes, and the existence 
of and Mo^^ centers have been established (Gendell et al., 
1962; Dickens and Neild, 1967). In the case of the semi­
conducting tungsten bronzes, w"*"^ centers have not been ob­
served. This research includes the results of the search 
for in several semiconducting and metallic bronzes. 
EPR work in Physical and Inorganic Group VI had, prior 
to 1972, been limited to measurements at 300 and 77 K. It 
was expected that w"*"^ in all the mentioned compounds would 
have a spin lattice relaxation time such that they could only 
be observed at liquid helium temperatures. At the same time 
it was anticipated that the high electrical conductivities of 
semiconducting bronzes at T > 77 K would make observation 
of their EPR signals difficult, since they strongly absorb 
microwave radiation in the absence of a magnetic field. 
EPR at liquid helium temperatures would help to minimize 
this problem. For these reasons the temperature range of 
the existing spectrometer was extended to 3 K. The details 
of this modification are also included in this thesis. 
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II. BACKGROUND AND LITERATURE SURVEY 
A. Bronzes 
1. General description 
The series of nonstoichiometric compounds commonly called 
tungsten bronzes (M^WO^)» where M is a metal and 0 < x < 1, 
have been extensively studied during the last ten years 
(de Jong, 1971; Dickens and Wittingham, 1968; Ribnick et al., 
1963; Sienko, 1963; Shanks et al., 1963). Originally, the 
designation 'bronze* was introduced by Phillip and Schwebel 
(1879) to describe the yellow, metallic luster of Na^WOg, 
(x = 0.8), though the term was also applied to the purple 
(x = 0.6) and the blue (x = 0.4) materials. Tungsten bronzes 
were long considered to be unique, but in recent years anal­
ogous compounds of molybdenum (Wold et al., 1964), niobium 
(Ridgley and Ward, 1955), vanadium (Ozerov, 1954 and 1959), 
and titatium. (Kestigian and Ward, 1955) have been found. 
The term 'bronze' is now applied to a ternary metal oxide 
of general formula M*^M''yO^, where M" is a transition metal, 
MyO^ is its highest binary oxide, M' is some other metal, 
and x is a variable falling in the range 0 < x < 1. Such a 
compound has the following characteristic properties: 
a) it is intensely colored; 
b) it is either metallic or semiconducting; 
c) it is chemically inert; 
d) sequences of solid phases occur through variation 
of X. 
4 
The most widely investigated members of this group are 
the alkali tungsten bronzes, particularly those of sodium. 
The sodium tungsten bronzes are the only series where there 
appears to be a continuous sequence of phases as x is varied 
from 0 to 1. 
Recently the tungsten bronzes have found application in 
several fields. Thin films of the tungsten bronzes have 
been used as optical filters (Corning Glass Works, 1968) . 
The filter characteristics can be optimized for a particular 
application by choosing the proper bronze composition. 
Tungsten bronzes have also been used as electrodes which are 
sensitive to Ag (I) and Hg (II) in solution and to dissolved 
oxygen (Wechter et al., 1972). Superconductivity was first 
observed in the tetragonal I and hexagonal phases of the 
tungsten bronze system by Raub et al. (1964) and Sweedler 
et al. (1965). The study of the superconducting properties 
of these materials has become important because it is pos­
sible to control the number of electrons available for 
conduction (Bevolo et a^., 1972 and 1973). The use of tung­
sten bronzes as an electrocatalyst for hydrogen-oxygen, 
hydrocarbon, and carbon monoxide fuel cells has been sug­
gested and considerable effort has been directed toward 
this application (Brimm et al., 1951; Broyde, 1968; McHardy 
and Bockris, 1973; Bockris and McHardy, 1973) . 
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2. Crystal structures 
The structures of the sodium tungsten bronzes were 
determined by Haegg and Magneli (1944 and 1954) and Magneli 
(1949). All the structures are based on the linking to­
gether of WOg octahedra by sharing of corners. Cubic symmetry 
(in the form of a defect Perovskite structure) is observed 
in the composition range 0.30 < x < 0.95. The limiting 
structure of the cubic sodium tungsten bronze, NaWO^/ is 
shown in Figure 1. As the sodium content of the bronze 
decreases, the high (cubic) symmetry of the lattice is 
lowered, and the structure passes through two tetragonal 
phases (I and II). The tetragonal I and tetragonal II 
phases are observed in the composition ranges 0.2 < x < 0.4 
and 0.06 < x < 0.25, respectively. At very low sodium con­
tents (x £ 0.06) an orthorhombic structure is observed. 
The arrangement of the tungsten atoms in the tetragonal II 
and the orthorhombic bronzes is similar to the one for the 
cubic bronzes. In the tetragonal I tungsten bronze, the 
octahedra form three, four, and five membered rings. The 
four and five membered rings contain the sodium atoms. A 
hexagonal crystal structure was found in other alkali tungsten 
bronzes by Magneli (1953) for x-values between 0.25 and 0.49. 
In the hexagonal bronzes the octahedra form three and six-
membered rings, the latter containing the alkali atoms. 
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# SODIUM 
O OXYGEN 
Figure 1. Perovskite structure of NaWO  ^
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The only bronzes in which EPR signals have been obseirved, 
the vanadium and molybdenum bronzes, have more complicated 
structures than the tungsten bronzes. 
The crystal structure of Na^VgO^ and the isomorphous 
Li^V^Og in the composition range 0.16 < x < 0.36 has been 
determined by Wadsley (1955) and also by Ozerov et al. 
(1957). The coordination of vanadium is of two kinds as 
shown in Figure 2. and V2 are each linked to six oxygens 
at the corners of distorted octahedra. has five bonds 
to oxygen similar in length with those of and , and 
a sixth bond which is considerably longer. For this reason 
Wadsley (1955) considered to be coordinated by five 
oxygens forming a trigonal-bipyramid. The octahedra as 
well as the trigonal-bipyramids form strings along the y 
axis, leaving tunnels along the y axis in which the sodium 
atoms lie. 
The crystal structures of the red potassium molybdenum 
bronze g^MoOg^ and the blue potassium molybdenum bronze 
Kq ggMoO^^ have been determined by Stephenson and Wadsley 
(1964) and Graham and Wadsley (1966). Both the red and the 
blue potassium bronze phases are monoclinic and have layer 
structures. The layers consist of distorted MoOg octahedra 
sharing edges and corners. In the red bronze the basic unit 
^The stoichiometrics given are the theoretical upper 
limits corresponding to the units K_Mo^O, „ and K,Mo, ^0--,, 
respectively. z b m j xu ju 
o Oai 
©Oat y =1/2 
oNa at 
o V at y=0 
•V al y = l/2 
Figure 2 Structure of NagVgO^g projected on (010) for one unit cell. No bonds 
are shown between sodium and its ligands. The broken lines represent 
the long bonds from to the sixth oxygen atom (Wadsley, 1955) 
00 
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consists of six octahedra, in the blue bronze, ten. Figure 
3 shows the idealized structure for the red potassium 
molybdenum bronze. 
3. Electrical properties 
The bronzes have unusual electrical properties. Single 
crystals of alkali metal tungsten bronzes with x > 0.25 
exhibit metallic electrical conductivity (Shamks et al., 1963). 
Muhlestein and Danielson, 1967). The electrical conductivity 
increases with increasing x-value. Shanks et al. (1963) 
-4 
reported a room-temperature resistivity of ~ 4 x 10 ohm-cm 
for tetragonal I Na^WO^ ( x = 0.3) and ~ 2.5 x 10 ^ ohm-cm 
for cubic Na^WO^ (x = 0.75). Measurements of the Hall 
coefficient indicated that each alkali atom contributes one 
electron to the conduction process. For x < 0.25, the alkali 
tungsten bronzes are semiconductors with small energy gaps. 
Shanks et al. (1963) reported a room-temperature resistivity 
of ~ 10 ^ ohm-cm for Li^WO^ ( x = 0.097). The activation 
energy, as determined from the slope of a plot of In P versus 
1/T had a value of 0.03 ev at low temperatures (extrinsic 
region). 
The high electrical conductivities of the bronzes makes 
observation of their EPR spectra difficult. The only bronzes 
in which EPR signals have been observed, the vanadium and 
molybdenum bronzes, are semiconductors. The vanadium bronze 
Figure 3. Structure of KQ ^^MoO^ 
a) Group of six idealized octahedra linked by g-
edge-sharing to form the compact subunit MOgO^g 
b) the subunits joined by common corners to give 
the sheets in the structure of _.MoO? 
(Stephenson and Wadsley, 1965) 
11 
12 
Na^ 33^2^5 ^ fairly high and anisotropic conductivity. 
Sienko and Sohn (1966) reported the room-temperature re­
sistivities parallel and perpendicular to the long axis 
_2 
of the crystal (the b axis) to be 4.6 x 10 ohm-cm and 29 
ohm-cmy respectively. The red molybdenum bronze has a room-
temperature resistivity of 1.96 x 10^^ ohm-cm (Wold 
et al., 19 64). The blue molybdenum bronze has a room-
-4 temperature resistivity of 1.43 x 10 ohm-cm and displays 
an unusual metal-to-semiconductor transition at 180 K 
(Bouchard et al., 1967). Fogle and Perlstein (1972) ob­
served an additional semiconductor-to-metal transition at 
10 K. 
4. Preparative methods 
Among the three basic methods for the preparation of 
the bronzes, namely, vapor-phase reaction, solid-state 
reaction, and electrolytic reduction, the last is most 
often used. The fused salt electrolysis of tungsten bronzes 
has been described by Shanks (1972). Figure 4 shows the 
phases of sodium tungsten bronze obtained by electrolysis 
as a function of melt composition and temperature. During 
the growth of crystals from melts of different composition, 
the two new, isomorphic compounds, Na^ 33^0^ and Li^ 
were obtained. The composition, structure, and electrical 
properties of Na^ 33^0^ are discussed in detail in the follow­
ing section. 
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Figure 4. The phases of sodium tungsten bronzes obtained 
by electrolysis as a function of temperature and 
melt composition (Shanks, 1972) 
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B. Triclinia Na^ 33^0^ 
The composition of the new sodium tungsten bronze was 
determined by neutron activation analysis (de Jong, 1971; 
Franzen et al., 1972). The sodium and tungsten concentra­
tions were determined by the method reported by Reuland and 
Voigt (1963), and the oxygen concentration was obtained by 
the method described by Clark and Stensland (1970). Based 
on these results, the compound was assigned the formula 
The crystal structure of the new compound Na^ 
was determined by de Jong (1971) using X-ray diffraction, 
and was reported by Franzen et al. (1972) . The compound is 
triclinic with space group PI, and the unit cell contains 
14 of the formula units Na^ The conventional reduced 
cell was found to have the parameters: a = 7.287Â, b = 
18.474A, c = 7.235I, a = 95.22°, 6 = 119.64°, y = 89-40°. 
The lack of suitable single crystals prevented the deter­
mination of the sodium and oxygen positions. Based on the 
tungsten positions only, Franzen et al. (1972) proposed that 
the structure consisted of five layers. Layers 1, 2, 4, and 
5 have roughly the same structure as layers observed in 
hexagonal bronzes. However, the layers are arranged so 
that the hexagonal holes are not in vertical alignment. 
The positions of the tungsten atoms in layers 1 and 2, as 
15 
well as the position of layer 2 relative to layer 1, are 
shown in Figure 5. Layers 4 and 5 are related to layers 1 
and 2 by a center of symmetry. The positions of the tungsten 
atoms in layer 3, as well as the position of layer 3 rela­
tive to layer 2, are shown in Figure 6. Franzen et al. 
(19 72) suggested that the tungsten atoms in this layer are 
coordinated by trigonal-bipyramids of oxygen atoms. They 
are linked to two tungsten atoms via oxygen atoms in one 
adjacent plane and to a third tungsten (again via an oxygen) 
in the plane adjacent in the opposite direction. The tri-
gonal-bipyramid is completed by two oxygen atoms which lie 
approximately in layer 3. The Na atoms fit into the large 
hexagonal holes and complete the coordination of the oxygen 
atoms surrounding the hole. 
Franzen et al. (1972) have measured the resistivity 
parallel to the basal plane for several samples in the 
temperature range between 77 and 300 K. They obtained 
values ranging from 47 to 1.5 ohm-cm at 300 K. The acti­
vation energy, as determined from the slope of a plot of 
In p versus 1/T, ranged from 0.04 to 0.14 ev. Shanks^ 
found that the resistivity was highly anisotropic. A value 
—4 
of ca. 10 ohm-cm was obtained for the resistivity perpen-
^Shauiks, H. R., Department of Physics, Iowa State 
University, Ames, Iowa. Private communication. 
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O»7.287A 
173 A 2.37 A 
a) LAYER I 
4.78 Â 
b) LAYER 2 
Figure 5. Projections along the b direction onto the basal 
plane, ac, of the tungsten atoms within a) layer 
1/ b) layer 2, c) layers 1 and 2. The Slater 
radius for tungsten (1.35 Â) was used to repre­
sent their size. The inscribed distsmce is the 
b component of the tungsten positions 
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Figure 6. Projections along the b direction onto the basal 
plane, ac, of the tungsten atoms within a) layer 
3, b) layers 2 and 3. The Slater radius for 
tungsten (1,35 Â) was used to represent their 
size. The inscribed distamce is the b component 
of the tungsten positions 
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dicular to the basal plane. The Hall coefficient was found 
to be -1.4 X 10~ cm /coulomb at 300 K for a sample with 
p = 0.4 ohm-cm at T = 300 K. Assuming that the Hall coeffi­
cient is given by = 1/ne, then the number of electrons, 
n, is 4 X 10^^/cap and the Hall mobility = |Rg|/p is 
3.5 X 10~^ cm^/volt sec. The high carrier concentration and 
small mobility suggest that electron propagation proceeds 
by means of a hopping process (Shanks)^. 
In summary, it cam be said that the proposed structure 
for the tungsten atoms in the third layer is a unique feature 
of this compound. Although the Na^ 33^0^ crystals have the 
same color as bronzes with a sodium content near 0.3, their 
structural and electrical properties are remarkably dif­
ferent. 
C. EPR in Bronzes 
The conduction electrons in a metal do not usually give 
rise to a well-defined EPR signal because the spin-lattice 
relaxation time is so short that the resonance is too broad 
to observe (Pake, 1962, Chapter 8). EPR signals have been 
observed in Na, Li, Be, and K (Griswold et al., 1952; Feher 
and Kip, 1955; Levy, 1956). There are also complications 
introduced by the small skin depth, which means that small 
^Shanks, H. R., Department of Physics, Iowa State 
University, Ames, Iowa. Private communication. 
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particles are required. When particles are not small, the 
motion of electrons in and out of the skin-layer region 
leads to asymmetric line-shapes (Dyson, 1955). 
No EPR has previously been reported for the metallic 
and semi conducting tungsten bronzes. However, well-resolved 
signals have been found for the semiconducting vanadium 
bronzes (Gendell et al., 1962) and molybdenum bronzes 
(Dickens and Neild, 1967). The high electrical conductivi­
ties of the semiconducting bronzes make observation of their 
EPR signals difficult because they strongly absorb micro­
wave energy in the absence of a magnetic field. 
Gendell et al. (1962) observed EPR signals of the same 
intensity and Lorentzian shape at room temperature in the 
vanadium bronzes Lig 33^2^5 Na^ 33^2^5* line-width, 
AH of the derivative absorption signals were AH_^ = 180 
PP PP 
gauss in the Li bronze and AH^^ = 210 gauss in the Na bronze. 
The observed g-value of 1.96 reported in both cases is con-
+4 
sistent with the g-values found for V centers in other 
+4 
compounds. Measurements have been reported on V in 
^2^2^2(^2^4)3'^^2° Bowers and Owen (1955); in AlgO^ by 
Lambe and Kikuchi (1960); and in TiOg by Gerritsen and Lewis 
(1960) , Yamaka and Barnes (1964) , and Ktibec and Sroubek 
(1972). In these compounds the g-values lie between 1.9 and 
2.0. The measured intensity indicated the presence of one 
v"*"^ for each alkali metal in the bronze. The fact that the 
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intensity of the Li bronze followed a 1/T dependence indi­
cated that the observed resonance was coining from a constant 
number of fairly localized centers. Gouy-susceptibility 
measurements by Gendell et al., (1962) emd Sienko and Sohn 
(1966) substantiated this model. The net paramagnetic 
susceptibility followed a Curie-Weiss law X(para) = C/(T-6) 
between 63 and 300 K with a Weiss constant 9 = -157° and 
Curie constant C = 0.159. The calculated Curie const am t 
based on the described model yields C = 0.125. 
The EPR signal observed in the red potassium molybdenum 
bronze by Dickens and Neild (1967) had a g-value of 1.96 
and line-width = ca. 20 gauss at 123 K (Figure 7(a)). 
The effect of temperature on the signal in the remge 111 to 
293 K is shown in Figure 7(b). A similar signal was also 
observed for a sample of oxygen-deficient molybdenum tri-
oxide MoO- with g-value 1.97 and line-width AH _ = 40 3-x ' pp 
gauss. In the blue molybdenum bronze a signal was observed 
at T = 103 K, the lowest temperature they could obtain. 
The g-value was 1.93 and the line-shape and line-width were 
comparable to those of the signal observed in the red 
potassium bronze at 223 K. The observed g-values are 
consistent with the g-values found for Mo^^ centers in other 
compounds. Measurements have been reported on Mo*^ in 
K^dnClg) • 3H2O by Owen and Ward (1956); in TiOg by 
Kyi (1962) and Chang (1964); in Kg^nClg by Low (1967); and 
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Figure 7. EPR spectra of Kg ^^MoO^ 
a) EPR spectrum of the red potassium molybdenum 
bronze at T=123 K and f=9.4 GHz, b) EPR spectrum 
of the red potassium molybdenum bronze in the 
teaçerature range 111 to 293 K and f=9.4 GHz 
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in KglnClg by Low (1968). Ignoring small departures from 
axial symmetry, the results in these compounds can be sum­
marized by saying that g^ j lies between 1.9 and 2.0, with 
somewhat lower. Dickens and Neild (1967) concluded 
that, in the formation of the potassium molybdenum bronzes, 
the K atom transfers its electron to a molybdenum atom to 
+5 +4 form Mo centers analogous to the formation of V centers 
in the vanadium bronzes. However, the small EPR signal 
intensity and line-width, as well as the similarity of the 
EPR signals in the red bronze to the one observed in oxygen-
deficient molybdenum trioxide, indicate that the concentra­
tion of the Mo"*"^ centers in the red bronze is not large 
enough to substantiate the proposed model. 
Bouchard et al. (1967) measured the magnetic suscepti­
bility of powder samples over the range 1.5 - 300 K using 
a Gouy balance. The observed, small, essentially temperature-
independent, paramagnetic susceptibility in the red molybdenum 
bronze is further evidence against the model proposed by 
Dickens and Neild (1967). Bouchard et al. (1967) proposed 
that in the red KgMOgO^g bronze, the two electrons per 
^^6^18 ^ cluster are spin paired because they occupy the same 
molecular orbital. The weak, tempe rature-independent para­
magnetism was attributed to admixture of excited states. 
The discussion of the EPR results in the molybdenum 
bronzes indicates that it can be difficult to unambiguously 
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interpret the exact nature of the observed paramagnetic 
centers. In the case of the molybdenum bronzes the observed 
Mo"*"^ signal may be due to Mo"*"^ at crystal defects. 
D. EPR of W"*"^ 
Among the 5d transition ions, w"*"^ has scarcely been 
investigated by EPR. One of the practical obstacles arising 
+5 +5 in the study of W is the difficulty of growing W com-
+5 pounds or single crystal hosts containing W impurities. 
The EPR spectrum of was first observed by Weissmemn 
and Gamer (1956) in potassium octacyanotungstate powder at 
T = 295 K. They observed an almost symmetrical EPR resonance 
with g = 1.98 and line-width AH = 30 gauss. An aqueous 
solution, approximately 0.01 M in W(CN)g^ , yielded a 
symmetrical spectrum of three lines. The central intense 
line occurred at g = 1.972 with line-width AH = 9.3 gauss. 
irir 
The two satellites, each of intensity 7+3% of that of the 
central peak were 52 gauss apart. The satellites are the 
183 hyperfine components associated with W(I = 1/2, natural 
abundance 14.40%). 
Yafaev et al. (1963) studied the EPR spectrum of 
in silicate and phosphate glasses at 440 and 9320 MHz at 77 
and 295 K. At the lower frequency, narrow, symmetrical EPR 
lines with g = 1.7 were observed in these glasses. At the 
higher frequency, lines broadened due to anisotropy of the 
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g-factor were observed. 
Garif'yanov and Fedotov (1963) observed the EPR spectrum 
+5 
of W in supercooled and liquid solutions of WClg in ethanol, 
glycerol, and 3 M hydrochlorid acid at 450 and 9320 MHz at 
77 and 295 K. Narrow, symmetrical EPR lines with = 20 
gauss and g = 1.7 were found in supercooled WCl^ solutions 
at f = 450 MHz. At f = 9320 MHz, asymmetric EPR lines 
broadened by g-factor anisotropy were observed. The follow­
ing g-values and hyperfine structure constant. A, were ob­
tained for WClg in glycerol at T = 77 K: 
gj I = 1.79 + 0.01, 
= 1.757 + 0.005, 
A = 216 + 20 gauss. 
+5 
The EPR spectrum of W in Rutile, TiOg, was analyzed 
by Chang (1966) at 20 K. The line-width was about 0.5 
gauss. At lower temperatures the resonance line was easily 
saturated. The ion substitutes for the cation in TiO^ 
and is surrounded by a slightly distorted octahedron of 
oxygens. The spectrum showed not only the hyperfine structure 
but also the superhyperfine structure arising from the inter­
action of the w"*"^ electronic magnetic moment with the nuclear 
magnetic moment of some of the nearest-neighbor Ti ions 
(^^Ti, I = 5/2, natural abundance 7.75%; ^ ^Ti, I = 7/2, 
natural abundance 5.52%). The observed g-values and hyper­
fine constants were: 
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= 1.4725, = 40.8 x 10 ^ cm x = [110] 
— 1.4431, Ay = 63.7 x 10 ^ cm y= c axis 
= 1.5944, Ag = 92.5 x 10 ^ cm z = [110] 
The EPR spectrum of in Cs2ZrClg and CSgHfClg was 
investigated by Maniv et al. (1971) at 4 K and at 20 K. 
The hyperfine lines of the parallel spectrum were completely 
resolved, and the line-width was 22 gauss peak to peak. 
The spectrum saturated at a few milliwatts of power at 4 K. 
The observed EPR spectrum could be fitted to a tetragonal 
spin Hamiltonian with three magnetically ineguivalent sites 
and the following parameters : 
Cs^ZrcigZW^* 
g|l = 1.8113 + 0.0005 ^ = 1.7674 + 0.0005 
|a| = (124.7 + 0.5)-X lO'^cm"! [gj = (63.1 + 1.5) x lO'^^cm""^ 
and for: 
CSgHfClg 
g|l= 1.8096 + 0.0005 g^^ = 1.7653 + 0.0005 
|A| = (124 + 1) X lO-^cm"^ |b| = (65 + 5) x lO'^^cm"^ 
The CSgHfClg:#^* EPR spectrum is shown in Figure 8. 
Chang (1966), as well as Maniv et al. (1971), un­
successfully tried to interpret the observed g-values of the 
ion. They attributed the fact that the theoretical 
CSoHfCUiW^"*" 
OPQI Direction 
to 
a\ 
13600 14100 14600 
Magnetic field, gauss 
Figure 8. EPR spectrum of in CSgHfClg at T = 20 K and f = 37,5 GHz (Q-band). 
The magnetic field is along one of the cubic axes (Maniv et al., 1971) 
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interpretation of the g-value of is still unresolved 
to the absence of experimental information about crystal 
field parameters and the spin orbit coupling constant, as 
well as to the difficulty of including covalency effects. 
A brief discussion of the problem of a d^ ion in an axial 
crystal field is given in Appendix A. 
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III. EXPERIMENTAL EQUIPMENT 
A. X-band EPR Spectrometer 
A block diagram of the spectrometer used in this work 
is given in Figure 9. It is basically a homodyne Strand 
602B/ X-band/ spectrometer whose lock-in amplifier section 
was replaced with a PAR Model 124 lock-in amplifier to allow 
the use of 100 kHz modulation. A Magnion 12-inch electro­
magnet provided a homogeneous magnetic field (AHq/Hq = 10 
over four cubic inches in the median region. The magnetic 
field was calibrated with a proton NMR magnetometer. The 
microwave frequency was measured with a high-Q wavemeter. 
In order to extend the operating range of the spectrometer 
to liquid helium temperatures a cavity coaxial cable 
assembly^ (CCCA) was constructed in the early stages of this 
work. 
The experimental methods of EPR spectroscopy have 
been thoroughly reviewed by Poole (1967) and Alger (1968). 
Results derived and discussed in detail in these two texts 
will not be repeated in the following discussion of the 
CCCA, but will be referenced. 
^A similar cavity coaxial cable assembly was first 
developed by E. Yassidis at the Argonne National Laboratory, 
Argonne, Illinois. 
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STABILIZED KLYSTRON 
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lATTENUATOR 
STRAND MODEL 602 X-BAND SPECTROMETER 
REFERENCE ARM OF VARIABLE LENGTH 
FERRITE CIRCULATOR 
H2DB-REACTIV£ 
COUPLER 
TUNNEL DIODE  ^
TRANSFORMER H 
WAVEGUIDE-
WAVEGUIDE-COAX ADAPT ER 
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O 
DEWAR RECORDER 
4 
OFHC-COPPER CAVITY . WITH MODULATION COILS 0 
^ith 100 kHZ modulation the transformer is bypassed 
and only one tunnel diode is used. 
Figure 9. Block diagram of EPR spectrometer 
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B. The Cavity Coaxial Cable 
Assembly (CCCA) 
1. General description 
Photographs of the entire CCCA, the upper part of the 
CCCA, and the lower part of the CCCA are given in Figures 
10, 11, and 12, respectively. The CCCA consists of the 
cavity and the dewar top cap, connected by a 3/8" o.d., 
0.010" thick stainless steel tube, together with the modu­
lation coils and the coaxial cable. The sample is inserted 
into the cavity through the 3/8" stainless steel tube. 
Powdered samples are contained in quartz tubing. Single 
crystals are held in a teflon cylinder with re-entry well 
for the sample. An advantage of the CCCA is the fact that 
samples can be changed at any temperature with a minimum of 
difficulty. The whole unit fits into an Andonian metal 
dewar (Model 3-75/7M-250, tail o.d. 2-3/8", tail i.d. 
1.710", dewar capacity 3 liters). 
2. The dewar top cap 
The dewar top cap replaced the cap which came with the 
Andonian dewar. Figure 11 is a photograph of the upper 
section of the CCCA displaying the dewar top cap with the 
coax control bracket. Blueprints of the dewau: top cap, 
consisting of dewar top plate, dewar top cylinder, and coax 
control bracket, are given in Appendix C, Figures CI and C2 
w H 
Figure 10. Cavity coaxial cable assembly and sample holder 
Figure 11. Upper part of the cavity coaxial cable assembly 
Figure 12. Lower part of the cavity coaxial cable assembly 
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respectively. The center hole in the dewar top plate ac­
commodated the 3/8" stainless steel tube. The hole with 
the recess for an 0-ring was used for a 1/4" stainless steel 
tube which served as the outer conductor for the coaxial 
cable. The coaxial cable will be described in detail later. 
The remaining two holes in the dewar top plate were used as 
electrical take outs for the modulation coils and the 
thermocouple wires. 
3. The cavity 
a. General description Figures 13 and 14 are photo­
graphs of the assembled and the disassembled cavity. Blue­
prints are given in Appendix C (Figures C3, C4, and C5). 
The cavity consists of three parts, namely, top plate, 
bottom plate, and annular rings. All were machined from 
03^gen-free-high-conductivity COFHC) copper. All inner 
surfaces were polished and treated with lacquer to protect 
against corrosion. The top plate contains two holes. The 
sançle is introduced into the cavity through the center hole, 
which is countersunk 1/4" in order to guide the sample holder 
into the cavity. The slotted hole is an entrance for the 
coaxial cable. The annular copper rings are separated by 
lucite spacers. The parts are held together by four spring-
loaded brass bolts and nuts. The cavity was filled with 
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Figure 13. Assembled OFHC-copper cavity (held together by 
four spring-loaded brass bolts and nuts) 
BOTmrn## 
m'ymmB 
QUARTZ 
CYLINDER 
mm LUCITE DISCS 
Cu DISCS 
Figure 14. Dissasserabled OFHC-copper cavity 
37 
quartz^ to obtain the desired resonance frequency. 
b. The cylindrical mode A mode is a 
Transverse Electric mode, for which the electric field has 
no z-component and 
m = the number of full-period variations of E with 
respect to (j), 
n = the number of half-period variations of E with 
respect to r, ' 
p = the number of half-period variations of E with 
respect to z. 
The mode of interest is the cylindrical TE^^^ mode. Its 
field distributions and wall currents are given in Figure 15. 
In this mode the cavity cam be cut anywhere along the cylinder 
walls or ends, as long as the cuts follow the wall currents, 
and are placed where the wall currents are at a minimum. 
This fact allows "opening up" the cylinder walls; that is, 
annular Cu-rings and lucite spacers can be used instead of 
solid cylinder walls. This feature was needed in order to 
use high frequency modulation, which could not otherwise 
penetrate the cavity walls. 
The cavity was to operate at frequencies in the 8.5 -
9.5 GHz range obtainable with the klystron of the Stramd 
602 EPR spectrometer. The diameter of the cavity, 2a, 
was limited by the availgJsle space in the dewar. From 
Machined according to the blueprint given in Figure C5 
of Appendix C by Syncor Products Corporation, Inc., Maiden, 
Mass. 
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Figure 15. Schematic field distributions, a and b, euid wall 
currents, c, in a cylindrical TE.,mode cavity 
(Alger, 1968, p. 132) 
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Figure 17 (in the next section) it can be seen that a 
mode has a maximum mode shape factor, Q^ô/X, when the cavity-
length, d, equals the diameter. Since this maximum is rather 
broad, one can change the resonance frequency within a small 
range by varying the length of the cavity. The dependence 
of the resonance frequency, f, on the diameter and length of 
a cylindrical cavity is given by (Poole, 1967, p. 272): 
(2af)2 = (cX„ „/Tr)^ + (cp/2)2(2a/d)2 (1) hi/H 
1/2 
where c =1/(^^8^) is the velocity of light in vacuo, 
^ is the n'th root of the derivative of the m'th order 
Bessel function, and m, n, p are integers characterizing a 
particular mode. Equation (1) is illustrated in Figure 16. 
For the niode in a cavity of dimensions 2a = d = 
2.2 cm, one obtains from Equation (1) (Xg^ = 3,832) f = 
18 GHz. This is a factor of 2 larger than the frequency 
produced by the klystron. Simply lengthening the cavity 
cannot change the frequency enough. To lower the frequency, 
the cavity was filled with a dielectric of high dielectric 
constant e'/e^. The loss tangent, tan 6 = e"/e*/ of the 
dielectric should be as small as possible, so that the cavity 
quality factor, Q, is not substantially reduced. If one 
chooses the dielectric to be quartz (e'/Sg = 3.78, tan 6 = 
1.7 X 10 * at f = 10 GHz (Poole, 1967/ p. 71)) and fills 
the cavity completely. Equation (1) yields f = 9.2 GHz, which 
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Mode chart for a right circular cylinder of 
radius, a, length, d, and resonance frequency, 
f (Poole, 1967, p. 273) 
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is within the desired frequency rainge. Of course, complete­
ly filling the cavity with quartz would leave no space for 
the sample. Replacing some of the quartz with the sample 
and its container will affect the frequency and make its 
exact calculation difficult. 
In designing a resonant cavity it is best to select a 
value of 2a/d so that there are no extraneous modes which 
have resonance frequencies near the design point. A cavity 
with annular rings instead of solid walls will suppress all 
modes except those that have wall currents with purely azi­
muth al components. In a cylindrical cavity these are the 
TEpnp modes. It will also suppress the mode, which is 
degenerate with the mode. 
c. The quality factor Q The quality factor Q is 
defined by the relation (Poole, 1967, p. 259): 
0 _ 2n energy stored 
energy dissipated per cycle 
Considering all the possible energy dissipating mechanisms 
for a cavity, one obtains for the overall or loaded Q, 
denoted by 
1/0^ = l/Qy + l/Og + l/Q^ + l/Q^ (3) 
where the individual quality factors represent ohmic losses 
in the walls, energy lost in the dielectric, energy lost 
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through the coupling hole, and power dissipated in the sample, 
respectively. The Q^'s in turn are discussed below. 
When the Q of a cavity arises from ohmic losses in the 
walls, it is called the unloaded Q, denoted by (Poole, 
1967, p. 261) : 
Ujj is energy stored in the magnetic field and is evaluated 
by integration at the part of the cycle when the magnetic 
field H is at a maximum. represents the losses in the 
cavity walls from the dissipation of heat by the surface 
current density, 5, in the skin effect resistance 
(Rg = 1/aô; a = conductivity, 6 = skin depth). They are 
evaluated by integration of the maximum tangential field along 
the surface H. over all cavity walls. Q„ can be expressed 
in the following form (Poole, 1967, p. 30 9): 
= (A/Ô) X geometrical factor (5) 
where 
Ô  =  ( 2 / w p a ) i s  t h e  s k i n  d e p t h  
and 
X = X^tE'/Eg) is the wavelength of the resonant 
frequency in a medium of relative dielectric constant c'/BQ. 
The geometrical or mode shape factor, Q^6/X, depends upon 
the cavity mode and the relative dimensions of the cavity. 
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Figure 17 is a plot of Q^ô/A vs. 2a/d for several cylindrical 
TEonp 
usually represents the dielectric losses due to the 
sample. If a cavity is filled with a dielectric, one also has 
to consider the losses due to it. is given by (Von Hippel, 
1954, p. 10) : 
n _ /. r\-l _ -J energy stored . 
"e - Itan o; - ^ TTg^ergy lost in dielectric per cycle 
( 6 )  
where 
a = we" is the dielectric conductivity. 
A cavity without an opening to the outside is character­
ized by its unloaded quality factor Q^. To be useful it is 
necessary to couple the cavity to a waveguide. This will 
lower the Q-value, and it is usually discussed by intro­
ducing the radiation quality factor : 
= 2tt energy stored 
r energy lost through coupling hole per cycle 
(7) 
The coupling coefficient, 6, is defined as: 
g _ ^ ^ power lost through the coupling hole 
power dissipated in the cavity walls 
44 
TE, 
0.9 
CO 
3 
O 
TEoi 0.8 
0.7 
TEoH 
0.6 
0 . 5  
0 . 4  
0 0.5 1.0 1.5 2.0 2.5 3.0 
2o/d 
Figure 17. Mode shape factor Q^"S/X vs. 2a/d for several 
TE modes (Poole, 1967, p. 275) 
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Using the relation 1/Q^ = 1/0^ + 1/Q^, B can be expressed 
in terms of Q and : U J-l 
e = Qy/Or = (QyOi,) - 1 (9) 
A cavity is said to be critically coupled when $ = 1. 
Then, from Equation (9): 
°I, = V2 (10) 
The discussion so far assumes that after oscillations 
are induced in the cavity^ the energy source is turned off, 
and the stored energy, U, decays exponentially according 
to the relation; 
-w--t/Q 
U = Ug-e (11) 
Critical coupling may also be discussed in terms of the 
actual physical situation, where the source is left on. 
If the resonant cavity is matched to the transmission line 
(critically coupled), then all of the energy which enters 
the cavity will be dissipated there. In this case, the 
radiation Q is best understood in terms of an equivalent 
circuit, where the coupling element is represented by a 
transformer with turns ratio n. The equivalent circuit 
is shown in Figure 18 (Poole, 1967, p. 287). The radiation 
Q is then given by (Poole, 1967, p. 286): 
Qj. = Lw/Rgn^ (12) 
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Figure 18. 
I : n 
Equivalent circuit of a reflection cavity (Poole, 1967/ p. 267). The 
EPR cavity is represented by a RLC-circuit, the coupling is repre­
sented by a transformer with turns ratio n, and Rg represents the 
characteristic impedance of the waveguide plus the generator (E) 
impedance 
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where L is the inductance, w is the angular frequency, and 
Rg includes the characteristic impedance of the waveguide 
plus the generator impedance. The radiation Q represents 
losses due to power which may be considered as leaving the 
cavity through the coupling hole to be dissipated in the 
waveguide and generator. The unloaded Q of the cavity 
equals the Q of an RLC-circuit (Poole, 1967, p. 286): 
= Loj/R (13) 
and represents losses due to the cavity alone. The ratio 
of these Q's yields the coupling parameter g.: 
B = Oy/Qr = Rgn^/R (14) 
represents the losses due to the sample at resonance. 
This produces the EPR absorption signal, and is given by 
Poole (1967, p. 291): 
1 
2% H dV 
^ V <H:> 
cavity = c 1 c = _L_ (15) 
^ . x"v„<Ht>„ x"n, 
2^0 
sample 
, s "1 s "0 
X"hJ dV 
where tIq , the filling factor, is defined by 
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and is the microwave magnetic field. The volume ratio, 
Vg/Vc ^"^saxa-ple^^^ca-vity^ ' easily obtained, but the ratio 
2 2 2 
requires the integration of over both the 
sample and the cavity. For a cylindrical mode cavity 
with a small sample located exactly at its center, one ob­
tains (Poole, 1967, p. 298): 
Ho = ^^'33 . ^  (17) 
" l+(0.82a/d)^ c 
The volume of a dielectric filled cavity decreases by a 
factor of (e/Eq) compared to an 'air filled' cavity with 
the same resonance frequency, and its filling factor is then 
given by: 
He = Hq • (e/EQ) (18) 
assuming = const. (Poole, 1967, p. 310). 
d. Calculated Q-values It is instructive to calcu­
late the quality factor of the constructed quartz filled 
cavity and compare it with the Q-value of an air filled 
cavity with the same resonance frequency at 300 and 30 K. 
Each step of the calculation at 300 K is for a copper 
cavity operating in the mode at a frequency of 9.3 
GHz. The geometrical factor is 0.66 (from Figure 17), 5 
is 6.8 X 10 ^ cm (skin depth of Cu at f = 9.3 GHz and T = 
300 K), and XQ is 3.22 cm. 
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For a cavity filled with air (A=Xq) Equation (5) 
yields : 
= 31200 (cavity filled with air, T = 300 K) 
In the calculation of using Equation (5), it is 
assumed that the cavity wall surfaces are perfectly smooth 
and free from impurities. The effect of surface irregu­
larities and impurities is to lower the theoretical Q^. 
Experimentally, it has been found (Alger, 1968, p. 114) 
that (exp.)/Q^(theor.) = 0.89 for an Ag-plated, TEg^^ 
mode cavity at f = 10 GHz and T = 300 K. This indicates 
that these effects are small at room temperature. The 
effect of the center holes in the top and bottom plates of 
the cavity, as well as the effect of 'opening up' the side-
walls, must also be considered. The effect of end wall 
modification in the case of the TEg^^ mode cavity has been 
treated in Alger (1968, p. 132), where it is shown that 
the of a cavity with 90% open ends decreases by a factor 
of 2. This may be taken as an upper limit for the Q-value 
reduction due to all openings in the cavity used in this 
work : 
Q = 16000 (cavity filled with air, open sidewalls, 
^ T = 300 K) 
For a cavity filled with quartz (e'/Sq = 3.78 for fused 
silica at f = 10 GHz (Poole, 1967, p. 271), scaled to operate 
at the same frequency (f = 9.3 GHz), (e'/Eq) = 
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1.65 cni/ and from Equation (5) : 
= 16000 (cavity filled with quartz, T = 300 K) 
and 
Q' = 8000 (cavity filled with quartz, open sidewalls , 
^ T = 300 K) 
When the losses of the dielectric are included, the 
quality factor, 0^^, is given by: 
Depending on the source of the fused silica, 1/0 can range 
from 1.0 X 10 ^ to 1.7 x 10 ^ (Von Hippel, 1954, p. 311). 
For a cavity filled with quartz including dielectric losses, 
one obtains from the previous Equation (19): 
Q = 6200-4250 (cavity filled with quartz including di-
electric losses, T = 3000 K) 
and 
Q = 4000-3400 (cavity filled with quartz including 
dielectric losses, open sidewalls, 
T = 300 K) 
The above calculation shows that for a quartz filled, TE^^^ 
mode cavity the dielectric losses are approximately the 
same as the losses in the cavity walls at 300 K. The above 
calculation also shows that at 300 K the quality factor of 
the quartz filled cavity used in this work is a factor of 
3-4 smaller than the Q of an air filled cavity operating at 
the same frequency. 
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At 30 K one expects, for a cavity filled with air, a 
10-fold increase in from Equation (5) (the Cu resistivity 
ratio p(30 K)/p(300 K) is lO"^ (White, 1959, p. 295)). 
Bziperimentally, it has been found (Alger, 1968, p. 112) 
that Q^(20 K)/Q^(295 K) = 4.5 for a Cu-plated brass 
mode cavity at f = 12 GHz. For a quartz filled cavity, the 
quality factor at 30 K will be determined by Q^, and one 
obtains Q^g.(20 K)/Q^g.(300 K) = 2.25. It follows that at 
30 K the quality factor of the quartz filled cavity used 
in this work is a factor of 6-8 smaller than the Q of an 
air filled cavity operating at the same frequency. 
It might seem that it is disadvantageous to fill a 
cavity with a dielectric because the cavity Q is reduced 
by a large amount at all temperatures. However, the im­
portant parameter is the EPR spectrometer sensitivity at 
constant frequency, which is proportional to n'Q^ (Feher, 
1957). The ratio of the sensitivities (s.r.) of a cavity 
filled with a dielectric characterized by compared 
to that of the empty cavity characterized by (Q^,riQ) is 
given by: 
(2à2&_) 
«ue "s " 
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3 
(20 )  
^0 
= (—-—) X (|—) 
Qù+Oc =0 
Equations (19), (5), and (18) were used to obtain the final 
expression of Equation (20). The first term in the last 
expression of Equation (20) equals 1 if the dielectric 
losses are neglected. 
At T = 300 K Equation (20) yields (Q^ = 10^, OJ = 10^, 
e'/Eq = 4 (quartz)): 
s.r. = 2 (T = 300 K) 
This indicates that it is actually advantageous to use a 
quartz filled cavity at room temperature when a small 
crystal is investigated. At T = 30 K Equation (20) yields 
(Q^ = 10*, = 5 X 10*, e'/e = 4 (quartz): 
s.r. = 2/3 (T = 30 K) 
indicating that at 30 K the sensitivity is slightly less 
for a quartz filled cavity than for an air filled cavity 
= (-^) X ^ X ^ 
Qy+Qg u 0 
= (-
-) X X 
^0 
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operating at the same frequency, when a small crystal is 
investigated. 
e. Experimental Q-values The resonance frequency 
and the loaded quality factor 0^ were determined for several 
configurations (see Figure 19) of the cylindrical, quartz 
filled, mode OFHC-copper cavity. The half-power 
method was used for this determination. For cavities 
with 0^ > 10 the loaded quality factor can be written (Alger, 
1968, p. 114): 
°l = '21) 
where f^^ amd fg are the frequencies above and below f^, 
respectively, at which the power to the cavity is one-half 
the value at fg. The test circuit block diagram is given 
in Figure 20. The klystron reflector voltage was modulated 
and the desired klystron power mode displayed on the scope. 
The klystron was mechanically tuned until the cavity ab­
sorption dip was centered on the klystron power mode as 
indicated in Figure 20. The cavity was then critically 
coupled by adjusting the coupling device until the cavity 
dip touched the baseline of the klystron power mode. The 
frequencies fq, f^, and fg were measured with a wavemeter 
Figure 19. Configurations of the cylindrical quartz filled 
TEqii mode OFHC-copper cavity (the inner dimen­
sions of the top- and bottom-plate are given) 
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.1965 TOPPLATE 
8x1/16 "=.5 
. 1965 BOTTOM PLATE 
a) OFHC-copper cavity with 
closed sidewalls (8 annu­
lar Cu discs 1/16" thick) 
filled with 21.1 mm by 
21.1 mm quartz cylinder 
TOTAL CAVITY LENGTH : d= .893" (22.6mm) 
^870-
(21.2mm) 
TOP PLATE 
nunninjTm 
nn ) 11 ) n? nt 
f///////////////; 
n)i))n)i)rrn-n 
}n i } ) n)/n r)jn 
BOTTOM PLATE 
.1965" 
b) 
5x1/16" = .3125" 
6x1/32"= .1875" 
OFHC-copper cavity with 5 
annular Cu discs (1/16") 
and 6 lucite discs (1/32") 
filled with 21.1 x 21.1 mm 
quartz cylinder. Figure 
15 is a photograph of this 
cavity 
1965' 
TOTAL CAVITY LENGTH:d = .893" (22.6mm) 
-.870-
(21.2mm) 
TOP PLATE 
BOTTOM PLATE 
.1965" 
c) OFHC-copper cavity with 4 
annular Cu-discs (1/16") 
and 4 lucite spacers 
filled with 21.1 x 21.1 mm 
quartz cylinder. Figure 
4 X 1/16"=.2500" photograph of this 
4x1/16"= .2500" 
U.I965" 
TOTAL CAVITY LENGTH: d= .893"(22.6mm) 
MAGIC T 
ISOLATOR 
WAVEMETER 
MATCHED LOAD 
ATTENUATOR 
CRYSTAL DETECTOR 
CAVITY UNDER TEST 
TUNABLE KLYSTRON (2K25) 
SCOPE 
Figure 20. Block diagram of test circuit used for determination of resonance 
frequency, fg, and loaded quality factor, 
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and was calculated. The results are summarized in Table 
1 and indicate that the experimentally determined and 
- values are in satisfactory agreement with the calculated 
values. 
4. The coaxial cable 
Most EPR spectrometers use waveguide rather than coaxial 
cable for the propagation of microwaves because of its 
superior transmission characteristics. The use of a co­
axial cable for the last section of the transmission line 
between klystron and cavity allowed construction of a unit 
with the following feature: samples can be introduced into 
the cavity and cheinged at any temperature. 
Figure 21 is a schematic diagram of the coaxial cable. 
Its major component is a 1/4" stainless steel tube (approxi­
mately 40" long), the inside of which is silver plated^. 
The silver plated stainless steel tube replaces the braided 
outer conductor of the RG-5B/U coaxial cable approximately 
10 cm above the dewar top cap in order to minimize thermal 
losses due to the coaxial cable. In this section the di­
electric of the original coaxial cable was replaced by 
approximately 1-2 mm thick polyethylene spacers which were 
cut from the dielectric of the RG-5B/U coaxial cable. The 
spacers were positioned in pairs to cancel the reflections 
^The stainless steel tube was silver plated by L. A. 
Donovan Company, Inc., Woburn, Mass. 
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Table 1. Experimental and calculated and Q_-values (T= 
300 K except as indicated) 
a) Quartz filled OFHC-copper cavity with closed sidewalls 
(see Figure 19(a)) 
fg(exp.) = 9318 MHz fgCcalc.) = 9200 MHz 
Q^(exp.) = 3100 Q^(calc.) = 3100-2125 
b) Quartz filled OFHC-copper cavity with 5 Cu discs (see 
Figure 19(b)) 
fg(exp.) = 9280 MHz fQ(calc.) = 9200 MHz 
Q^(exp.) = 2500 Q^(calc.) = 2000-1700 
c) Quartz filled OFHC-copper cavity with 4 Cu discs (see 
Figure 19(C)) 
fg(exp.) = 9226 MHz fQ(calc.) = 9200 MHz 
Q^(exp.) = 2500 Q^(calc.) - 2000-1700 
d) Quart filled OFHC-copper cavity with 4 Cu discs (see 
Figure 19(c)) 
A shorter quartz cylinder (21.1 x 20 mm) was used to im­
prove the coupling and to increase the resonance frequency 
(see Section III.B.5) 
fg(exp.) = 9245 MHz fQ(calc.) = 9200 MHz 
Qj^(exp.) = 2500 Q^(calc.) = 2000-1700 
T = 4 K 
fg(exp.) = 9286 MHz fQ(calc.) = 9200 MHz 
Q^(exp.) = 4600 Q^(calc.) = 5000-3000^ 
For the calculation of Qjj at T = 4 K it was assumed that 
the losses in the cavity walls can be neglected compared to 
the dielectric losses. Q^ is then given by: Q^ = 1/2(tan 6) 
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TO UG-I8B/U 
CONNECTOR 
«5*20 cm 
ZffSOSl 
Zo=52û 
POLYSTYRENE CONE (X=3.25 cm LONG) 
ACTING AS IMPEDANCE 
TRANSFORMER 
Zo'83a 
Zo=83i2 
#100 cm 
SOLDER JOINT-
FLEXIBLE RG-5B/UC0AX 
PLASTIC SHIELD 
OUTER CONDUCTOR (COMBED 
OUT AT THE END) 
DIELECTRIC 
CENTER CONDUCTOR 
TRANSITION REGION 
Cu-WIRE 
RUBBER HOSE 
CLAMP 
Aq-PLATED 1/4" STAINLESS 
STEEL COAX 
Ag-PLATED 1/4" SS TUBE 
CENTER CONDUCTOR 
14 PAIRS OF DIELECTRIC SPACERS (»lmm THICK) 
INTRARWRDiSTANCE X/4-.8l5cm 
INTERPAIRDISTANCE 9 X/4«Z33cm 
COUPLING LOOP 
Figure 21. Schematic cross-sectional view of the coaxal 
cable. The characteristic impedance Zq of the 
different sections is given in Table 2 
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caused by them. This effect is achieved by using an intra-
pair distance of X/4 = 0.815 cm and an interpair-distance of 
nX/4 (n = odd integer). n=9 was chosen, which gives an 
interpair distance of 9X/4 - 7.33 cm. At the juncture of the 
coaxial cable and the stainless steel tube, the outer 
conductor of the coax was spread and clamped over the stain­
less steel tube as shown in Figure 21. Both ends of the 
rubber hose were 'vacuum tightened* with copper wire. The 
other end of the RG-5B/U coaxial cable was fitted with an 
UG-18B/U connector and sealed with general electric RTV-102 
sealant. Initially the coaxial cable was approximately 140 
cm long, and the polystyrene transformer was not used. 
While testing the CCCA, it was found that there were broad 
resonances (Q = 500-800), approximately 60 MHz apart, in 
addition to the sharp cavity resonance at f = 9300 MHz. 
These broad resonances, whose coupling parameters varied 
between 0.5 and 1, interfered with the normal EPR spectrometer 
operation. The cavity dimensions had to be changed continual­
ly in order to obtain a cavity resonance frequency which 
was between the broad resonances. Since the resonance 
frequency of the cavity was affected by the presence of the 
sample and by variation of the temperature, making it diffi­
cult to predict the resonance frequency of the cavity, it 
was felt that these broad resonances would have to be 
eliminated. The following calculation demonstrated that the 
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broad resonances were coaxial cable resonances. Based on 
this knowledge, it was possible to cut the intensity of 
these modes as well as to increase the frequency difference 
between them. The coaxial cable is basically a transmission. 
Reintjes and Coate (1952, p. 619) have discussed sections 
of open- and shorted-end transmission lines which are useful 
as resonators (Figure 22). 
The coupling loop of the coaxial cable represents one 
shorted end. The waveguide-coax-adapter, or the joint be­
tween the flexible RG-5B/U coaxial cable and the stainless 
steel tube, represents the other end. Ideally this end 
should have a smooth impedance transition. Assuming that 
it is either open (Z = ») or short (Z = 0) circuited, one 
can apply the idea of a resonant transmission line and 
calculate the natural frequencies of the coaxial cable. The 
difference frequency, 2f^, between two resonance modes of 
the same type is given by: 
cfe'/e.)-!/: 
2fl = 2 Û (22) 
Considering a coaxial cable, 150 cm long, filled with poly­
ethylene [(e'/Eq) ^^2 = 2.3] one obtains 2fj^ = 66 MHz which is 
very close to the experimentally observed value. The Q-
value of such a resonance is given by Reintjes smd Coate 
(1952, p. 624); 
—d=n^ -I 
n = ODD INTEGER 
d=n .«A. d=n 
n= EVEN INTEGER 
(A) CIRCUIT DIAGRAMS 
NATURAL FREQUENCIES WITH BOTH ENDS OPEN 
OR BOTH ENDS SHORT-CIRCUITED 
NATURAL FREQUENCIES WITH ONE END OPEN 
OTHER END SHORT-CIRCUITED 
(B) MODE SPECTRA 
Figure 22. Resonant line sections and their mode spectra (Reintjes and Coate, 
1952, p. 619) 
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Q = n/Xa (23) 
where a is the attenuation constant in neper/m. From Figure 
4-4 in Poole (1967, p. 95), a was extrapolated for the 
RG-5/U coaxial cable to f = 10 GHz: a = 50 db/100 ft = 
1.5 db/m = 0.16 neper/m. Using X = c/f and f = 
9 GHz, Q = 900, which again is very close to the experi­
mentally observed value and suggests that the observed 
broad resonances are resonances in the coaxial ce&le. 
Based on these calculations, the coaxial cable was 
made as short as physically possible to increase the frequency 
difference between adjacent modes. The reflection coefficient 
of the coaxial cable was measured with a reflectometer, and 
it was found that there was a 'bad' reflection at the flex­
ible coax and stainless steel tube joint due to the impedance 
mismatch between the two sections. The characteristic 
impedance of a coaxial line filled with a dielectric charac­
terized by permeability, y, and permittivity, e, is given 
by (Poole, 1967, p. 86) : 
ZQ = (l/2?)(w/e)l/2 in(r^/r^) 
= 60(e/Eg) ln(r^/r^) (24) 
where r^ = radius of the outer conductor and r^ = radius of 
the inner conductor. 
64 
Table 2 gives the characteristic impedances of several 
coaxial lines calculated from Equation (24). 
Table 2. Characteristic impedance of several coaxial lines 
Coaxial line r^[mm] 
^i [mm] m
 
m
 
o
 Zo [^] 
RG-5/U coax 2.3 0 .7 2 .30 (polyethylene) 50 
s.s. tube coax to
 
00
 
0 .7 2 .30 (polyethylene) 55 
s.s. tube coax 2.8 0 .7 2 .54 (polystyrene) 52 
s.s. tube coax 2.8 0 .7 1 
o
 
o
 (air) 83 
To match the in^edance between the flexible RG-5/U coax 
and the air-filled s.s. tube coax a A = 3.25 cm long cone, 
with a center hole for the inner conductor, was machined 
out of polystyrene. Polystyrene, rather than polyethylene, 
was chosen because it is easy to machine. The 'action* of 
the impedance transformer is shown in Figure 21. With the 
above described modification, the coaxial cable resonances 
were indeed much weaker, and it was decided not to pursue 
the matter further. 
5. The coupling loop 
The cavity must be coupled to the external circuit 
(i.e., waveguide or coaxial cable) in such a fashion as to 
excite only the desired resonant mode and to achieve the 
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desired power distribution. Mode control depends on the loca­
tion of the coupling element, while the power depends on the 
size of the coupling element, which may be a coupling hole 
(iris), a loop, or a probe. In the cylindrical mode 
the electric field is zero at all cavity walls so coupling 
must be magnetic. 
A loop at the end of the coaxial cable served as coupling 
element. The coaxial cable with loop was introduced into 
the cavity through a slotted hole in the top plate (see 
Figure 13) . The amount of coupling could be varied by 
moving the coupling loop in or out of the cavity. Note that 
the loop was oriented such that the currents in the loop 
were parallel to the currents in the top-plate (see Figure 
15). The best location for the coupling loop would be 
at r = 0.4 8a = 5.3 mm for the TEg^^ mode, which is the 
position of maximum current. Because of spacial restrictions, 
the coupling loop was positioned at r = 7.1 mm. At first a 
loop as shown in Figure 23(a) was tried, but it was found 
difficult to achieve the desired power distribution. The 
cavity was undercoupled with the loop a few mm above the 
quartz cylinder, and with the loop touching the quartz 
piece (maximum coupling possible), the cavity was only 
critically coupled (6 = 1). Since one wants to be able to 
critically couple with a lossy sample in the cavity, the 
above result indicated that the coupling had to be improved. 
b) 
SOLDER JOINT— 
Ag-PLATED S.S. TUBE (OUTER CONDUCTOR) 
INNER CONDUCTOR 
SOLDER JOINT 
a\ 
a\ 
Cu-WIRE 
Figure 23 
LDER JOINT 
Coupling loop configurations, (a) inner conductor was used for the 
loop and soldered onto the outer conductor, (b) piece of Cu-wire 
was soldered onto the end of the coaxial cable as indicated to get 
'square' loop 
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A 'square' loop, as shown in Figure 23(b), was tried next, 
and the coupling improved considerably. However, the loop 
usually fell off after a few weeks of experiments because 
it was difficult to obtain mechanically strong solder joints. 
To eliminate this inconvenience, the first configuration 
(Figure 23(a)) was improved by a) making the loop as square 
as physically possible and (b) shortening the quartz 
cylinder by 1.6 mm to allow the loop to penetrate farther 
into the cavity. Changing the quartz cylinder dimensions of 
course also affected the resonance frequency of the cavity, 
but at this time a higher resonance frequency was desired 
to avoid a broad coaxial cable resonance which coincided 
with the cavity resonance. This last loop configuration 
indeed allowed overcoupling the cavity and the coupling 
problem was considered solved. 
6. The modulation coils 
Originally it was planned to use 6 kHz modulation for 
which the Strand EPR spectrometer was designed. However, in 
the course of trying different configurations for the modu­
lation coils, large baseline drifts were observed when the 
magnetic field was swept over a range of a few kgauss. When 
the modulation is at audio frequencies, cavities and components 
in the modulation field require special construction to avoid 
the microphonics responsible for these drifts, e.g., rigid 
cavity walls and supports for the coils. The OFHC-copper 
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cavity failed on both counts. At the high modulation 
frequencies at which microphonics are eliminated, the Strand 
EPR spectrometer performed very poorly (i.e. the sensitivity 
was a factor of 10 lower at 100 kHz). It was therefore 
necessary to modify the Strand EPR spectrometer for 100 
kHz modulation. The lock-in amplifier section was replaced 
with a PAR Model 124 lock-in amplifier. Generally it is 
advantageous to use higher frequency modulation in order to 
minimize the 1/f crystal detector noise, the dominating 
noise at low power levels. However, the Strand EPR spectrom­
eter is equipped with tunnel diodes for which the 1/f 
noise is already minimal at 6 kHz. 
The modulation amplifier was replaced with a 'Plastic 
Tiger' amplifier . Only one channel was used, and the two 
power transistors were mounted on large heat sinks to ob­
tain an acceptable output power at 100 kHz. 
In the case of the described CCCA, it would have been 
advantageous to use source rather than magnetic field modu­
lation. (A source-modulated spectrometer is one in which 
the microwave power is modulated and the EPR signal is 
detected and amplified at the modulation frequency.) The 
use of source modulation would allow working at low tempera­
tures without the inconvenience of inserting modulation coils 
^Southwest Technical Products Corp., San Antonio, Texas. 
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into the dewar. This would also have eliminated the 'heat 
leak' due to the modulation current and would have allowed 
the rotation of the magnet for single crystal work. With 
the modulation coils wrapped around the cavity, the sample 
holder had to be rotated, thus decreasing the accuracy of 
fixing the rotation angle. Source modulation had not been 
used previously because suitable equipment was not commercial­
ly available. It was only learned during the course of this 
work that there now exists a PIN-diode (a high-speed, current 
controlled absorption type attenuator) which can be used as 
a microwave modulator (Hewlett Packard, 1968, application 
note 58). The use of PIN-diode modulation in an EPR spectro­
meter has been described by van den Boom (1971). 
The output power of the 'Plastic Tiger' modulation 
amplifier was limited to a few watts at 100 KHz. It was 
therefore necessary to optimize the modulation coil geometry 
in order to obtain the largest possible modulation field. 
The arrangement of the modulation coils is shown in Figure 
24. The magnetic field H due to a current I in one coil 
with one turn can be calculated with help of the Biot-
Savart law. The magnitude of the magnetic field induced 
by the current I in the straight line section 1 (see Figure 
24) is given by; 
H.+ H 
z= H 
/ 
y = 2 ton"' (o*/b) 
Figure 24. Modulation coils geometry 
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«1 = h 
x=+a /2 
(^2^^2,1/2 <25) 
The magnitude of the magnetic field due to the second 
straight line section 2 of the loop is the same, and the 
total field H is therefore given by: 
H = |H| = IH^I + iHgl = H^[2(1-COS^ Y ) ( 2 6 )  
The calculation of the magnetic field due to the current 
in the curved part (radius R) would be more difficult to 
calculate. However, it is justified to neglect this contribu­
tion because the cavity is closed at the top and the bottom. 
The modulation field due to current in this section will not 
contribute at 100 kHz since the Cu skin depth is 8.2 mils = 
0.2.mm (Alger, 1968, p. 13 7). The the case of the OFHC-
copper cavity, the following two modulation coils geo­
metries were feasible: 
1. a^ = 11.5 mm a2 = 14 mm. b =24 mm d = 13.9 mm y =59.12° 
2. a^= 11.5 mm a2 = 24 mm b = 14 mm d = 13.9 mm y = 119.48® 
Since a^ and d are the same in both cases, H^ is also the 
same and is found to be (Equation (25)): 
H^ = 0.0073 I mm ^ = 0.092 • I gauss/ampere 
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-1 -2 1 (1 ampere m = 1.256 10 gauss) . 
Adding and for both cases, one obtains from Equation 
(26): 
1. |HI = 0.63H^ 
2. |H1 = 1.73H^ . 
The second geometry gives a larger field because the angle 
23 between and is smaller. For the second configuration 
the total field for two coils with N turns each is given by; 
H = 0.16 • 2N«I gauss/ampere (27) 
It is not surprising that the second geometry is superior 
because it is much closer to the geometry of Helmholtz coils, 
which is the ultimate geometry for modulation coils and gives 
a large and very homogeneous magnetic field in the center 
between the two coils. The magnetic field in the center of 
a pair of Helmholtz coils is given by (Poole, 1967, p. 365): 
-2 2TT.T 
H = 0.445 • 10 gauss m/ampere (28) 
For Helmholtz coils of radius a = 14 mm, one obtains from 
Equation (28) : 
^See Feynman @t. al. (1S64, p, 36-6) about the use of 
the unit 'gauss* for the magnetic field H. 
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H =0.32 • 2N*I gauss/ampere (29) 
The pair of coils was wound with #32 gauge Belden 
insulated Cu wire with 60 turns on each coil. The impedance 
of these modulation coils at 100 kHz is: 
Z = R + iX = (10 + il70)ohm, | z |  = 170; f = 100 kHz 
A variable capacitor was used to impedance-match the modula­
tion coils to the modulation amplifier in order to maximize 
the power transfer. 
For calibration purposes the modulation field 
determined as a function of the modulation current, I 
m 
(see Table 3) . 
Table 3. Calculated and experimentally determined modulation 
field H^ (peak to peak) 
(pe^to (peS'?; p:ak) "plA 
peak) DPPH of DPPH from exp. results peak) 
(see text) from Eg. 20 
0.05 amp 1.4 gauss 42 0.96 gauss 
0.1 2 65 1.92 
0.2 3.5 84 3.84 
0.4 7 88 Max 8+1 gauss 7.68 
0.6 10.5 86 11.52 
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The modulation current was measured with a Textronix CT-2 
current transformer. The modulation field, H^, was calcu­
lated from the observed line-width, AH^^Cobs.), and the 
observed relative amplitude, a(obs.), of a DPPH sample as 
a function of the modulation current. For a Lorentzian 
resonance line-shape the relation AH^^(obs.)/H^ = 0.866 
holds at the point where the observed relative amplitude is 
at a maximum (Poole, 1967, p. 408). The observed line-
width AHpp(obs.) for DPPH at maximum amplitude, a^^, is 
7 + 1  g a u s s .  T h e  a b o v e  r e l a t i o n  t h e n  y i e l d s  H  = 8 + 1  
— m — 
gauss peak to peak, which is in satisfactory agreement with 
the value calculated from Equation (20) using I = 0.4 ampere 
peak to peak (see Table 3). The maximum modulation field 
amplitude available is approximately 12 gauss peak to peak. 
C. Heat Transfer to the Cavity 
The materials used in the construction of this piece 
of equipment were often determined by the criterion of 
minimal thermal conduction. In order to determine what 
component gives the maximum 'heat leak' the following 
approximate calculation was made. The heat flow dQ/dt 
2 through a solid of cross-section A(cm ) under a temperature 
gradient 3T/3}t is given by (White, 1959, p. 185): 
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|2 = ô = (J (T) A|| (30) 
where a CT)is the temperature-dependent thermal conductivity 
of the solid. Considering a solid of uniform cross-section 
of length & whose ends are at and , one obtains ; 
r T  
Q = y M (y(T) dT = & (T -T, ) • c (31) 
J?! & . 
where o = (T,-T,) a(T) dT is the mean thermal conductiv-
JT j  
ity tabulated in White (1959, p. 186) for several materials. 
Assuming = 4 K, = 300 K, & = 100 cm, one obtains: 
a) 3/8" s.s. tube, O.D. = 9.6 mm, 0.25 mm thick, 
2 A = 7.5 mm 
a = 0.103 watt cm ^ deg ^ 
Q = 2.2 X 10~^ watts 
b) 1/4" s.s. tube, O.D. =6.35 mm, 0.15 mm thick, 
2 A = 3 mm 
— — 1 — T 
a = 0.103 watt cm deg 
Q = 0.9 X 10 ^ watts 
c) Inner conductor of coax, 16 Awg silvered copper 
(assuming all copper) 
2 $ = 1.4 mm, A = 1.49 mm (exp. determined) 
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^ T_ *1 
a = 1.63 watts cm deg 
Q = 7.2 X 10 ^ watts 
These calculations were based on the assumption that there 
are two temperature reservoirs connected by the elements 
a, b, and c. Since the Andonian dewar uses flowing cold 
He gas to cool the sample/the actual temperature gradient 
will be less than that considered. The calculated results 
then represent an upper limit to the heat leeik. 
The contribution of the modulation coil leads, which 
were wrapped around the 5/8" stainless steel tube for thermal 
anchoring, is negligible. The heating due to the current 
in the modulation coil can also be neglected. Using 
p(30 K)/p(300 K) = lO"^ for Cu (White, 1959, p. 295), 
R = 10 0(300 K), Ipp = 0.1 amps, one obtains for the coil 
power contribution at T < 30 K: 
• K) 
Q = —g = 10 watts 
which is indeed negligible compared to other heat leaks. 
More important is the heating due to currents induced 
in the cavity walls by the modulation field (eddy currents). 
Bagguley and Owen (1961) estimated the eddy current heating 
to be 0.05 - 0.1 watts for a transmission type EPR spectro­
meter with external magnetic field modulation. Experi­
mentally, it was found that the modulation amplitude had a 
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noticeable effect on the temperature. At 17 K the tempera­
ture decreased by about 0.5 K when the modulation was re­
duced from 2 to 1 gauss. For this reason the modulation 
amplitude was usually left unchanged at £ 2 gauss. 
Finally, the microwave power dissipated in the cavity 
must be considered. To avoid saturation of the resonance 
signal/ microwave power settings in the mwatt to ywatt 
range were used. The corresponding heating was negligible. 
The results of these heat tremsfer calculations are sum­
marized in Table 4. 
D. Temperature Control amd Temperature 
Measurements 
The temperature in the sample zone was regulated manual­
ly with the help of a throttle valve and a diffusion heater. 
These together controlled the flow rate and the tempera­
ture of the cold helium gas passing into the sample zone. 
With manual operation of the heater current, it was possible 
to maintain the desired temperature to within + 0.2 K. 
Typical settings for T = 10-20 K operation were; Flowrate 
ca. 4-6 1. He(g)/min, heater current 130-200 mamp (Heater 
resistance 20 ohm) . Below T = 10 K temperatures were 
maintained by pumping on the sample chamber (not the liquid 
He dewau: chaunber) with a high capacity (405 l./min.) 
mechanical pump. The lowest temperature obtained was 2.8 K. 
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Table 4. Summary of calculated 'heat leak* results 
Element Q(mwatts) 
3 / 8 "  s.s. tube 
1 / 4 "  s.s. tube 
(outer conductor 
of coax, neglecting 
Ag-plating) 
1/4" s.s. tube 
(sample holder) 
# = 1.4 mm Cu-wire 
(inner conductor of coax) 
Modulation coil leads 
(#24 gauge Cu-wire 
thermally anchored to 
3/8" s.s. tube) 
Modulation coils 
(current heating, I 
R = 0.10, T < 30 K) 
PP 
= 0.1, 
Cavity 
(Eddy current heating 
by the modulation field) 
Microwave power 
22 
9 
9 
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negligible 
(0.1) negligible 
50-100 
1-10 ^ (negligible) 
^1 nwatt evaporates - 1 cm^ He(2)/hr. 
However, most of the data herein reported was taken at 
T = 15-20 K in order to avoid saturation of the resonance 
signal. These temperatures could be maintained for approxi­
mately eight hours without refilling the 3 1. capacity dewar 
with liquid helium. 
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Temperatures were measured with a No. 36 Au (2.1 at. 
% Co) versus No. 36 Cu thermocouple. The thermocouple was 
referenced at the ice point of water and was calibrated at 
T = 4.12 K (B. P. of liquid helium at p = 700 mm Hg) 
against the NBS Au (2.1 at. % Co) vs. Cu thermocouple 
table (Sparks and Powell, 1965). 
E. Sample Holders and Sample 
Orienting Device 
Powder samples were studied in quartz tubes. For single 
crystal work, several teflon sample holders were used. Figure 
25 is a photograph of the lower part of a sample holder which 
was used for the EPR study of the plate-like crystals with 
Hq in the basal plane. The teflon sample holder screws into 
a short tapped brass cylinder inside a 1/4" diameter thin-
walled stainless steel tube. The sairple was positioned as 
accurately as possible in the sample holder (Apiezon grease 
was used to secure the crystal) and lowered into the CCCA. A 
brass cylinder with two 0-rings on top of the 3/8" stainless 
steel tube (see Figure 11) gives a tight vacuum fit. The 
sample holder is connected to a graduated dial assembly with 
a flexible steel cable which allows rotation of the sample 
holder with respect to the magnet. The accuracy of position­
ing, however, was limited to + 5 degrees, which was a factor 
of 5 less than desired. 
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Figure 25. Sample holder used for EPR study of Mag 
single crystals with Hq in the basal plane 
81 
IV. EXPERIMENTAL RESULTS 
A. Sample Characterization 
Shanks (1972) has been able to grow single crystals of 
the cubic sodium tungsten bronzes and intergrown clusters 
of the other phases. Triclinic sodium and lithium tungsten 
bronzes as well as tetragonal and orthorhombic sodium 
tungsten bronzes were obtained from Mr. H. R. Shanks^. The 
crystals used in this study were broken off from the clusters. 
Triclinic Na^ crystals from three different batches 
were investigated. The crystal morphology varied from 
batch to batch: batch 254A consisted of small, thin, well-
formed hexagonal plates weighing from 10 to 50 mg; batch 
332E consisted of larger, thicker, and also well-formed hexa­
gonal plates weighing from 50 to 150 mg; batch 357A consisted 
of less well-formed hexagonal plates weighing from 50 to 
100 mg. The morphology of the triclinic Lig 33WO3 was similar 
to that of Nag batch 332E. 
Compounds whose EPR spectrum suggested the presence of 
w"*"^ were «malyzed for impurities by spark source mass 
spectrography by Analytical Services Group III of the Ames 
Laboratory. As can be seen from Table 5, the impurity atoms 
detected in higher concentration (> 100 ppm) are Al, K, Ca, 
Ti, Fe, Mo, and Ba. In Lig 33WO3 large amounts of osmium 
R. Shanks, Physics Department, Iowa State University 
of Science and Technology, Ames, Iowa. 
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Table 5. Results of the mass spectrometric analysis for tri­
clinia Na&.33W03 and ^ ^0.33^^3* .Reference 
is Ba as determined by wet chemical analysis (see 
Table 4). Results are in at. ppm. Only impurities 
with concentrations ^  10 ppm in one of the 3 
samples are reported 
PTemenf ^*0.33*°3 ^^0.33^°3 ^^0.33^°3 
f,Yemeni: (No. 332E) (No. 254A) (No. 5OA) 
Na 100' 000 NR NR 
Mg <5 <150 <5 
A1 250 NR NR 
S <20 NR NR 
K 6*000 7500 50 '000 
Ca 800 7500 5 000 
Ti 200 Interference Interference 
V 10 <0.5 <3 
Cr 30 <30 <30 
Fe 200 ?00 400 
Ni 60 <50 <10 
Cu 9 <40 <40 
Zn 9 <15 <50 
Sr 30 15 <25 
Zr W interference 
Nb W interference 
Mo 90 300 450 
Pd 0.3 <7 <30 
Cd 1 <4 <20 
Ba 5300 = 370 =450 
Eu <10 NR NR 
Ta 10 <15 <50 
W 700' 000 700' 000 500,000 
Re <30 <15 <50 
Os <1 <40 <150 
Ir <0 .6 <.7 <25 
Hg 2 <5 <15 
Pb <10 <.7 <150 
Th 20 NR NR 
^NR = not reported. 
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and lead were also found. 
Initially, the mass spectrometric results were based 
g 
on W = 10 ppm. The Fe, Mo, and Ba results then differed 
by as much as a factor of 10 from wet chemical analytical 
results for the same three elements, which were performed 
to check the mass spectrometric results. The wet chemical 
analysis for Fe, Mo, and Ba determined by Analytical Services 
Group I of the Ames Laboratory is given in Table 6. 
Table 6. Results of wet chemical analysis and mass spectro­
metric analysis of the three impurities Fe, Mo, 
and Ba for triclinic Na^ 33WO3 and Lig 
(results are in at. ppm) 
, Nag ggWOg 33WO2 ^^0.33^°3 
impurity (^0. 332E) (No. 254A) (No. 5OA) 
Fe 200 (200)* <130 (600) <130 (400) 
Mo 580 (90) 100 (300) 100 (450) 
Ba 300 (=300)b 370 (=370)^ 450= ( 450)^ 
^ass spectrometric results are given in parentheses. 
^Mass spectrometric results were referenced to the Ba 
wet chemical analysis results. 
Since the wet chemical analytical results are the more 
accurate ones, Ba, as determined by wet chemistry was chosen 
as a new reference for the spark source data. This reduced 
the discrepancy between the two sets of results by a factor 
of 2. For comparison the mass spectrometric results are also 
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given in Table 6. 
B. EPR in Tungsten 
Bronzes 
1. Spectrometer operation 
At room temperature all tungsten bronzes studied strongly 
absorb microwave radiation in the absence of a magnetic field, 
and it is not possible to obtain EPR spectra. This fact is 
particularly noticeable for Na^ 33^0^ single crystals oriented 
such that the microwave electric field E is coplemar with 
the basal plane of the crystal. For samples in this orienta­
tion, satisfactory spectrometer operation could only be 
obtained at T < 50 K. For samples oriented such that the 
basal plane was perpendicular to the E-field plane, satis­
factory spectrometer operation was obtained for T < 100 K. 
These observations are in agreement with the highly aniso­
tropic electrical resistivities of triclinic Na^ 33^0^ 
crystals discussed earlier. 
Satisfactory spectrometer operation was also difficult 
to obtain at low temperatures. The observed resonances in 
NaQ 33WO2 and LIq 33^0^ saturate easily below 10 K. The low 
power levels necessary to avoid saturation complicated the 
tuning of the spectrometer. Below 8 ywatt (45 db of 250 
mwatt) the automatic frequency control (AFC) did not function. 
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2. Triclinic Na^ 
a. The proposed model and its EPR spectrum In the 
introduction to this work it was proposed that Na^ 
contained a layer of w"*"^ ions. Based on this model, one 
would expect an EPR spectrum consisting of a single, ex­
change narrowed resonance of intensity corresponding to two 
spins per unit cell. 
The observed line-width of an exchange narrowed line 
depends on the relative magnitude of dipole-dipole inter­
action, E^, and excfranige interaction, e^/ (Pake, 1962, 
Chapter 4; Abragam and Bleaney, 1970, Chapter 9). If 
<<E^, a resonance with a Gaussian line-shape is ex­
pected. Its width is determined by the average local 
magnetic field H produced at a particular ion by the neigh­
boring magnetic dipoles. If exchange is added, an exchange 
narrowed resonance of the same intensity is obtained. 
If E^ >> E^, the resonance line-shape is essentially 
Lorentzian. 
For the proposed model of a layer of ions, the di­
polar width is readily estimated. If each ion carries a 
moment of one Bohr magneton (corresponding to S = 1/2 and 
g = 2), the magnetic field, H, that it produces at a neighbor-
3 ing ion is roughly B/r . Considering the three nearest 
neighbors only, at a distemce between 4-4.5 A° of a particular 
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ion in layer 3, one obtains a local field of about 1000 
gauss. Since the w"*"^ ions in layer 3 are only 4-4.5 A° 
apart and linked by oxygen atoms, one would expect exchange 
interactions to be important leading to an exchange narrowed 
resonance. 
b. EPR in Nag 33WO3 powder The presence of 
ions in triclinic Na^ 33WO3 was first indicated by the 
observation of a broad EPR signal with some structure in a 
powder sample. Figure 26 shows the observed spectrum at 21 
K. The g-value obtained was 1.636 + 0.005; the line-width, 
AHpp, was 200 + 20 gauss peak to peak. In view of the 
proposed model, the observed structure in the powder spectrum 
was unexpected. Since single crystals were available, it 
was decided to continue with a single crystal study. The 
EPR spectra of tungsten trioxide and sodium tungstate used 
in the preparation of the sodium tungsten bronzes were also 
taken to check if there were any signals. None were observed. 
c. EPR in Nag 33^0^ crystals Figure 27 shows the 
observed EPR spectra of a representative sample. It con­
sists of two strong resonances: a low field resonance called 
resonance 1 and a high field resonance 2. Usually resonance 
2 is more intense than resonance 1. The g-values of these 
resonances are slightly anisotropic, varying between 1.6 and 
Nao33 WO3 POWDER (NO. 254A) 
f=9284 MHz, T=2I K 
95 GAUSS 
=3965 G 
00 
Figure 26. EPR of w"*"^ in Na^ 33WO3 powder 
W^^(RES. 2) 
NaQ33W03 (NO. 254A-2) 
Ho IN BASAL PLANE 
f=9246 MHz 
T= I7K  
DPPH 
W^^(RES. I) 
96 GAUSS 
00 
00 
Figure 27. EPR spectrum of w'^'^/Na^ (No. 254A-2) 
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1.7. (The two resonances never crossed each other.) The 
line-width of resonance 2 varies between 18 and 25 gauss 
peak to peak; resonance 1 is approximately 5 gauss wider. 
If resonances 1 and 2 are sufficiently narrow, two weaker 
resonances, which symmetrically flank them, are often partly 
resolved. The intensity of the hyperfine lines is about 
20 + 10% of the intensity of the central resonance. These 
183 
are the hyperfine lines due to W (I = 1/2, natural 
abundance 14.40%). The number, 21 + 1, of hyperfine lines 
(satellites) is determined by the nuclear spin I; the 
relative intensity of center line to hyperfine lines is 
determined by the natural abundances of the isotopes of an 
element. The observed hyperfine splittings are 80 + 10 
gauss and 70 + 10 gauss for resonances 1 and 2, respectively. 
This suggests that the two resonances may be due to w"*"^ ions 
in two different crystallographic sites. 
Besides the two stronger resonances, several additional 
resonances in the g = 1.6-1.7 region are also observed. 
They often coincide with one or both of the hyperfine lines, 
and therefore the hyperfine splitting, A/gB, could not be 
measured for these crystal orientations. These weaker 
resonances axe particularly noticeable for crystal orienta­
tions such that the magnetic field is not in the basal plane. 
This suggests that the weaker resonances are due to ions 
in crystallographic sites for which the g-tensor in the basal 
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plane coincides with the g-tensor of one of the strong 
resonances. 
The concentration of can be determined from the 
intensities of the resonances. The results of the first 
Nag 33WO3 crystal investigated indicated that the con­
centration is indeed small. To verify this, as well as to 
find a suitable single crystal for the determination of the 
g-tensors of resonances 1 and 2, several crystals from three 
different batches (254A, 332E, and 357A) were studied. 
Table 7 lists all the crystals investigated and gives 
the concentration and the intensity of resonance 2 
relative to that of 1 for each sample. Smaller crystals 
were investigated with their basal plane attached to the 
bottom of the sample holder. This orientation allowed the 
magnetic field Hq to be rotated in the basal plane. Larger 
crystals only fit into the sample holder with their basal 
plane attached to the sidewall. For each sample the con­
centration and the relative intensity were determined for an 
orientation in which the two resonances were as far apart 
as possible. 
The number of spins contributing to the observed 
resonances was obtained by comparing the sum of the intensity 
of the two strong signals with the intensity of a DPPH 
standard. The DPPH standard was calibrated before and after 
each run against a Cr^^/MgO Strand Lab standard containing the 
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Table 7. Observed w"*"^ concentration and relative intensity 
(Res. 2/Res. 1) for several Na^ 33^0^ samples from 
three different batches at '^11 K 
crystal No. W i 
254-0 15.7 - 0.6 
-1 20.9 0.5 2.8 
-2 17.6 0.7 2.3 
-3 35.0 similar to 254-2 
-4 12.0 0.4 2.5 
-5 48.3 0.4 0.6-1.9 
-6 53.0 0.5 1.5 
332-0 145.0 0.3 3.4 
-1 146.0 0.6 2.3 
-2 19.0 0.3 0.7 
-3 17.0 0.5 1.5 
-4 102.0 - 3.3-5.0 
-5 83.0 0.4 2.0-4.0 
-6 161.0 0.4 2.3 
357A-0 114.3 1.1 7.4 
-1 56.9 0.8 5.7 
-2 23.2 0.7 3.6 
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equivalent of 10^^ S = 1/2 spins. To determine the concen­
tration from the intensity, the transition probability must 
be known. The transition probability of a magnetic dipole 
transition is proportional to = 6^<+|l^+2S^[->, 
where is the magnetic moment operator connecting the two 
stages, |+> and |-> of the lowest Kramers doublet. The 
above matrix element cannot be evaluated because the wave 
function of the ground state of w"*"^ in Na^ 33WO3 is not known. 
As a first approximation it was assumed that DPPH and 
in Nag 33WO3 have the same transition probability. The 
intensity of a signal can be found by double integration of 
the observed first derivative curve. It can also be calcu­
lated from the observed peak to peak line-width 7 AH^^, and the 
maximum first derivative amplitude, y^^, according to an 
equation given by Poole (1967, p. 799); 
where c is a constant depending on the line-shape. For a 
Lorentzian line-shape c = 3.63, and for a Gaussian line-
shape c = 1.0 3. DPPH has a Lorentzian line-shape. Because 
of the weaker resonances and the hyperfine structure, it 
was not possible to determine the exact line-shape of the 
observed resonances in Na^ . From Figure 36 it can be 
seen that the line-shape of resonance 2 lies between a 
Gaussian and Lorentzian line-shape, c = 1.8 was used for the 
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calculation of the intensity. 
The results given in Table 7 show that the ion con­
centration within each batch differs by at most a factor of 
2. These concentrations indicate that on the average there 
is one per 100 unit cells of 14 (Na^ 33^0^) • The proposed 
+5 +5 
model of a layer of W ions would give two W ions per 
unit cell. 
The relative intensity of resonances 2 and 1 for a 
particular sample changes by no more than + 50% for dif­
ferent sample orientations. For a few samples the orienta­
tion dependence of the relative intensity is larger and is 
basically due to the presence of additional resonances which 
coincide with the stronger resonances when the magnetic 
field lies in the basal plane. Of importance are the 
relative intensity changes between different samples for 
resonances 1 and 2. As can be seen from Table 7, the rela­
tive intensity varies by as much as a factor of ten for 
different samples. It suggests that the relative concentra­
tion of the w"*"^ sites is sample dependent. 
The crystal chosen for the determination of the g-tensor 
of resonances 1 and 2 was crystal No. 332E-4. This particu­
lar crystal showed a relatively well-defined EPR spectrum for 
many orientations. It was sufficiently large to yield EPR 
spectra with a satisfactory signal to noise ratio. After 
completion of the EPR study of this crystal, the orientation 
94 
of its crystallographic axes (a,b,c) with respect to a body-
fixed cartesian coordinate system (A,B,C) was determined by 
neutron diffraction with a HiIger-Watts four circles auto­
matic diffractoineter controlled by a SDS 910 computer as 
described by Dahm et al. (1967). The result is shown in 
the top drawing of Figure 28. It gives the position within 
the basal plane of a and c with respect to A and B. 
The g-values of resonances 1 and 2 were measured as a 
function of the angle of rotation in the AB, AC, and BC 
planes. The initial positions of the crystal with respect 
to the laboratory coordinate system x,y,z are shown in 
Figure 28. In order not to unscrew the teflon sample holder, 
the sample had to be rotated clockwise. Since the positive 
sense of rotation was chosen to be counterclockwise, the 
angle of rotation about the x-axis, (j), decreased from 180® 
to 0°. DPPH (g = 2.0037) served as a g-value standard. The 
results are tabulated in Table 8. A few typical spectra are 
shown in Figure 29. For certain angles in the AC plane and 
the BC plane, the two resonances are very close, giving one 
broad resonance. The g-value of the weaker resonance could 
not be determined for these orientations. The observed g-
values in the AB, AC, and BC planes were least-squares fit 
to an equation of the form: 
2 2 2 g (4») = C^ cos <j) + 2C2COs4> sin* + C^sin ({). 
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Table 8. Observed g-values of resonance 1 and 2 in Na^ g^WOg 
(No. 332E) versus angle of rotation, <{>, in the AB, 
AC/ and BC, planes 
agrees) g(Res. 1) g(Res. 2) 
AB plane 
0 (H 1 1 1 -B) 1.6678 1.6509 
5 ° 1.6674 1.6498 
10 1.6673 1.6498 
15 1.6665 1.6474 
20 1.6658 1.6458 
25 1.6635 1.6414 
30 1.6621 1.6384 
35 1.6606 1.6355 
40 1.6596 1.6289 
45 1.65 86 1.6254 
50 1.6578 1.6206 
55 1.6574 1.6169 
60 1.6562 1.6099 
65 1.6557 1.6065 
70 1.6545 1.6018 
75 1.6543 1.5999 
80 1.6546 1.5971 
85 1.6547 1.5963 
9 0  ( H i  1-A) 1.6552 1.5962 
95 ° 1.6556 1.5968 
100 1.6565 1.5984 
105 1.6572 1.6000 
110 1.6587 1.6037 
115 1.6591 1.6058 
120 1.6607 1.6111 
125 1.6618 1.6155 
130 1.6630 1.6200 
135 1.6638 1.6252 
140 1.6645 1.6288 
145 1.6656 1.6352 
150 1.6663 1.6386 
155 1.6670 1.6427 
160 1.6677 1.6449 
165 1.6677 1.6482 
170 1.6679 1.6496 
175 1.6680 1.6509 
180 (H^l 1+B) 1.6678 1.6507 
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TcU)le 8 (Continued) 
4) (degrees) g (Res. 1) g (Res. 2) 
AC plane 
0 (H 1 |-A) 1.6572 1.5970 
5 O ' 1.6547 1.5958 
10 1.6512 1.5947 
15 1.6487 1.5948 
20 1.6460 1.5956 
25 1.6446 1.5974 
30 1.6427 1.5992 
35 1.6418 1.6030 
40 - 1.6067 
45 - 1.6105 
50 1.6431 1.6145 
55 - 1.6219 
60 — 1.6254 
65 - 1.6309 
70 — 1.6348 
75 - 1.6407 
80 - 1.6435 
85 - 1.6476 
90 (H_| 1-c) - 1.6511 
95 O ' - 1.6529 
100 - 1.6539 
105 - 1.6533 
110 1.6778 1.6531 
115 1.6795 1.6518 
120 1.6806 1.6493 
125 1.6816 1.6454 
130 1.6823 1.6431 
135 1.6821 1.6374 
140 1.6807 1.6338 
145 1.6789 1.6275 
150 1.6762 1.6224 
155 1.6737 1.6180 
160 1.6696 1.6110 
165 1.6665 1.6062 
170 1.6630 1.6025 
175 1.6594 1.5991 
180 (Hoi l+A) 1.6572 1.5970 
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Table 8 (Continued) 
(j) (degrees) 
0 (Holl-B) 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 
85 
90 (H ll-C) 
95 ° 
100 
105 
110 
115 
120 
125 
130 
135 
140 
145 
150 
155 
160 
165 
170 
175 
180 (H 1 l+B) 
g(Res. 1) g(Res. 2) 
1.6677 
1.6709 
1.6739 
1.6774 
1.6803 
1.6835 
1.6854 
1.6865 
1.6860 
1.6857 
1.6848 
1.6828 
1.6560 
1.6530 
1.6520 
1.6490 
1.6470 
1.6457 
1.6442 
1.6437 
1.6432 
1.6437 
1.6460 
1.6481 
1.6590 
1.6611 
1.6641 
1.6677 
1.6504 
1.6543 
1.6579 
1.6613 
1.6647 
1.6679 
1.6703 
1.6719 
1.6729 
1.6739 
1.6736 
1.6726 
1.6714 
1.6691 
1.6679 
1.6642 
1.6611 
1.6570 
1.6520 
1.6482 
1.6439 
1.6400 
1.6380 
1.6331 
1.6309 
1.6284 
1.6268 
1.6262 
1.6265 
1.6279 
1.6299 
1.6322 
1.6354 
1.6393 
1.6431 
1.6460 
1.6504 
Figure 28. Initial crystal orientations for the three 
planes of rotation in the laboratory coordinate 
system x,y,z. The top drawing also shows the 
orientation of the crystallographic axes (a,b,c) 
with respect to a body fixed cartesian coordi­
nate system (A,B,C) 
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INITIAL POSITION FOR 
ROTATION IN THE 
AB PLANE 
•z=Ho 
INITIAL POSITION FOR 
ROTATION IN THE 
AC PLANE 
z=H. 
INITIAL POSITION FOR 
ROTATION IN THE 
BC PLANE 
Z = Hn 
100 
NOq33^03(^0 332E-4) 
Ho IN AC PLANE ((#>=0®) 
(06 GAUSS 
Nao33W03 (N0.332E-4) 
Ho IN AB PLANE (^=35°) 
f=92l4 MHz 
T=I5,5 K 
114 GAUSS 
Figure 29. EPR spectra of w'^'^/Na^ (No. 332E-4) 
101 
N00.33WO3 (NO. 332E-4) 
Ho IN BC PLANE (^=50°) 
f=9249 MHz 
T=I5.5 K 
Ho=3946 G 
106 GAUSS 
Vir^ (RES. 2) NOn«WO, (NO. 332E-4) 
Ho IN BC PLANE (<^=95®) 
f = 9249 MHz, T=I5.5 K 
106 GAUSS 
Figure 29 (Continued) 
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Since the measured g-values are more accurate when the two 
resonances are well separated, a weight factor W, of the fol­
lowing form/ was used for the least-squares analysis. 
" = + b, a + b = 1 
The same weight factor was used for both resonances, except 
W(Res. 1) was set to zero for all angles, ^ , where g(Res. 1) 
could not be determined. The pair of constants (a,b) was 
varied from (0.5, 0.5) to (0.9, 0.1). It was found, however, 
that different weight factors only affected the insignificant 
4th decimal place in the values of the fit constants. 
The fitting constants can be identified with the 
2 
components of the g -tensor by comparison with Equation (B8) 
of Appendix B: 
= (g^)ii, = (g^)ij/ = (g^)jj 
where (i,j) = (B,A), (A,C), and (B,C). The components of the 
2 g -tensor determined from the fit based on a = 0.9, b = 0.1 
are given in Table 9. The root mean square deviation (RMSD) 
values indicate that the data can be satisfactorily repre­
sented by Equation (B8). Equation (B8) is based on the 
assumption that the g-tensor is symmetric, which may be in­
correct for a complex with low symmetry (Abragam and 
Bleaney, 1970, Chapter 1). The point symmetry at the w"*"^ 
sites is at most Cj^. The satisfactory fit of the observed 
2 Table 9. Components of the g -tensor obtained by a least-squares analysis as 
described in the text (RMSD = root mean square deviation, A = 
differences between the two values of the diagonal elements) 
AA BB CC AB AC BC 
RMSD 
Resonance 1 
AB plane 2.7394 2.7812 
AC plane 2.745 8 2.7793 
BC plane 2.7799 2.7672 
A 0.0065 0.0013 0.0121 
-0.0083 
-0.0638 
0.0706 
0.0012 
0.0021 
0.0039 
Resonance 2 
AB plane 2.5486 2.7287 
AC plane 2.5508 2.7261 
BC plane 2.7222 2.7282 
A 0.0022 0.0065 0.0021 
-0.0003 
-0.0429 
0.0774 
0 . 0 0 2 6  
0.0024 
0.0021 
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g-values in the AB, AC, and BC planes then indicates that 
although the symmetry at the W sites is low, its g-tensor 
is symmetric within the accuracy of the results. Measured 
and calculated g-values in the AB, AC, and BC planes are 
shown in Figures 30, 31, and 32 respectively. The three 
2 diagonal elements of the g -tensor are each determined twice. 
As can be seen from Table 9, the agreement between the two 
values for the diagonal elements is excellent (< 0.3%) con­
sidering the fact that the initial orientation of the crystal 
had to be adjusted separately in each plane of rotation. In 
2 the subsequent diagonalization of the g -tensor, the diagonal 
2 2 2 
elements g ^  and g gg obtained in the AB plane and g in 
the AC plane were used rather than averages, because the 'AB 
plane data' is the most accurate, the 'BC plane data' the 
least accurate. 
2 The results of the diagonalization of the g -tensor for 
resonances 1 and 2 are given in Table 10. The values of the 
average g-value, the principal g-values and the hyperfine 
splitting (hfs) constant are summarized below: 
Resonance 1 
Iggl = 1/3(g^ + 92 + 93) = 1.663 
|g^| = 1.695 + 0.003 = 9Q + 0.032 
[ggl = 1.659 + 0.003 = 9Q ' 0.004 
IggI = 1.636 + 0.003 = gg - 0.027 
IA21/926 = 80 + 10 gauss [A^l = (61 + 8) x 10 * cm"^ 
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Resonance 2 
I So I = 1/3 (g^ + ^2 •*" 93) = 1-636 
Ig^l = 1.676 + 0.002 = gg + 0.040 
jggl = 1.630 + 0.002 = gg - 0.006 
Ig^l = 1.593 + 0.002 = gg - 0.043 
I | / g ^ 6  = 7 0 + 5  g a u s s  [ a ^ I  =  ( 5 2  + 4 )  x  1 0  ^  c m  ^  
The small deviations of the principal g-values from the 
average indicate that the observed resonances are nearly 
isotropic. It is tempting to conclude that the symmetry at 
the site is almost cubic. However, from Figure A3 in 
Appendix A, it can be seen that the g-factor anisotropy 
is not conclusive for a d^ ion in an axially distorted 
octahedral field with doublet A lowest. The difference 
between g and ^  is rather small for all values of the 
axial crystal field splitting, 6, and approaches zero in 
the limits 6-»-0 (octahedral crystal field) and 5-^ (infinitely 
large axial crystal field splitting). 
The principal g-values for resonances 1 and 2 are dif­
ferent. This confirms that the resonances arise from 
in two crystallographically nonequivalent sites. The error 
limits for the principal g-values were estimated from the 
disagreement between the two values determined for each 
2 diagonal matrix element of the g -tensor, and are due to the 
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AB PLANE 
RESONANCE I x 
RESONANCE 2 + 
«^=90® HqII-A 
180° H^lkB 
1.680 
1.670 
1.660 
1.650"-+ 
LU 
^ 1.640 
§ 
I 
1-630 
1.620 
.600 
.590 
20 40 60 80 100 120 140 160 180 
ANGLE OF ROTATION (</>) 
Figure 30. Angular dependence of g-values of W^^/Na^ 23^3 
the AB pl2uie at T=15.5 K and f=9214 MHz. The solid 
curves are the g-values calculated from Equation 
(B8) using the least-squares fit constants given 
in Table 9 
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1.690 
AC PLANE 
RESONANCE I x 
RESONANCE 2 + 
^ = 90* HqII-C 
180® HqIUA 
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ANGLE OF ROTATION (<f) 
Figure 31. Angular dependence of g-values of W /Nag 33^0^ in 
the AC plane at T=15.5 K cuid f=9247 MHz. The solid 
curves are the g-values calculated from Equation 
(B8) using the least-squares fit constants given 
in Table 9 
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.690 
BC PLANE 
RESONANCE I x 
RESONANCE 2 + 
90® HqII -C 
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Figure 32. Angular dependence of g-values of W^^/Na^ in 
the BC plane at T=15.5 K and f=9249 MHz. The 
solid curves are the g-values calculated from 
Equation (B8) using the least-squares fit 
constants given in Table 9 
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2 Table 10. Results of the diagonalization of the g -tensor 
a) Symmetric g -matrix to be diagonalized 
b) Eigenvalues of g^-matrix in descending order 
c) Eigenvalues of g-matrix in descending order 
d) Rotation matrix R (stored columnwise, in same sequence 
as eigenvalues) 
e) Spherical polar coordinates of the principal axes 1,2,3 
in the coordinate system A,B,C 
Resonance 1; ^ 
a) A B C 
A 2.7394 -0.0083 -0.0638 
B 2.7812 0.0706 
C 2.7793 
b) 1 2 3 
1 2.8718 0 0 
2 0 2.7512 0 
3 0 0 2.6768 
d) R 1 2 3 
A -0.3802 0.6797 0.6273 
B 0.5899 0.7006 -0.4015 
C 0.7124 -0.2173 0.6673 
c) g 1 2 3 
1 1.6946 0 0 
2 0 1.6587 0 
3 0 0 1.6361 
e) 12 3 
ë ÎÔP 48^ 
^ 123° 46° 327° 
Resonance 2 ; 
a) g^ A B 
A 2.5486 -0.0003 -0.0429 
B 2.7287 0.0774 
C 2.7261 
b) 9 1 2 3 c) 9 1 2 3 
1 2. 8084 0 0 1 1.6758 0 0 
2 0 2 .65 80 0 2 0 1.6303 0 
3 0 0 2 .5370 3 0 0 1.5928 
d) R 1 2 3 e) 1 2 3 
A -0 .1184 0.2538 0.9600 6 45° 131° 75° 
B 0 .6919 0.7145 -0.1035 e. 100° 70° 354° 
C 0 .7122 -0.6520 0.2602 
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uncertainty of the crystal orientation. The error limits 
for resonance 1 are larger than those for resonance 2 be­
cause its position could often be determined to within + 
4 gauss only. 
The principal axes of the g-tensor of the two strong 
w"*"^ resonances relative to the A,B,C coordinate system are 
shown in Figure 33. If the site symmetry were at least 
socialf the principal axes of the g-tensor could be related 
to the structure of the sites. In that case, the princi­
pal axes will coincide with the crystallographic site 
axes. However; the highest site symmetry compatible with the 
triclinic crystal class is C^. Unfortunately, knowledge of 
the orientation of the g-tensor then enables no deduction of 
the possible structure of the sites in the triclinic 
''®0.33''°3 host-
The hyperfine splitting constant could be determined 
in only a few orientations because of either lack of reso­
lution or interference due to additional weak resonances. 
It could be measured when the magnetic field approached 
the direction of principal axis 2 and principal axis 3, for 
resonances 1 and 2 respectively. The large error limits 
for the hfs constants are due to the difficulty of determining 
the position of the hyperfine lines. 
Ill 
RESONANCE 
103' 
C 
RESONANCE 2 
45! ) 
Figure 33. Orientation of the principal axis of the g-tensor 
in the orthogonal A,B,C coordinate system. The 
azimuthal angles are given in Table 10 (the 
crystallographic axes a,b,c are omitted from 
the lower picture for the sake of clarity) 
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d. Temperature dependence of resonance 2 The spec­
trum in Nag 33^0^ (No. 332E-4) was also investigated as a 
function of temperature (Figure 34). The crystal was oriented 
such that the basal plane was perpendicular to the E-field 
plane of the TE^^^ mode. 
The line-width is constant (22 + 1 gauss peak to peak) 
between 10 and 30 K. Because of saturation, the resonances 
could not be investigated below 10 K. From Figure 35 it can 
be seen that the line-shape is between a Gaussian and a 
Lorentzian below 30 K. An exact analysis of the line-shape 
was not possible because the weaker resonances and the hyper-
fine structure interfered with the wings of resonance 2. 
Above 30 K the resonance starts to broaden, and the line-
shape becomes more Lorentzian-like. At 40 K the resonance 
begins to look asymmetric with a 'beyond Lorentzian' line-
shape on the high field side; above 48 K the whole spectrum 
becomes pathological. Nevertheless, the temperature study 
indicates that the observed spectrum is consistent with the 
following model: Below 30 K the resonance line is in-
homogeneously broadened due to random electric fields at the 
individual w"*"^ sites. The resulting slightly different g-
values of the different w"*"^ ions (spin packets) belonging to 
resonance 2 will produce a Gaussian line whose width, AH^, 
is temperature independent. The line-shape of each individual 
spin packet is Lorentziam and its width, AH_ , is determined 
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97 GAUSS 
4350 3850 
Ho (GAUSS) 
Figure 34. SPR spectrum of in Na^ 33WO3 (332E-4) as a 
function of temperature 
T T 
W*®(RE&I) 
N00.33WO3 (N0.332E-4) 
Ho IN AC PLANE (<^=25') 
f =9242 MHz T= 21,8 K 
AHpp<RES.2)-22 6 
o GAUSSIAN 
X LORENTIAN 
W+5 (RES. 2) 
H I»» 
4040 G HO=4I306 4220G 
Figure 35. Line-shape analysis of resonance 2 in Na^ 33^0^ (No. 332E-4) using the 
normalized plot method for identifying Lorentzian and Gaussian derivative 
curves (Alger, 1968, p. 44) 
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by the finite lifetimes of the states between which the 
transition occurs. Below 30 K, AH^ << AH^ and the total 
line-width, AH^, is equal to AHg. Above 30 K, AH^ can no 
longer be neglected, and the observed line-width increases. 
Stoneharn (1972) obtained a simple and accurate expression 
which allows one to separate the contributions AH^ and AH^ 
to the observed total line-width AH^. In principle this 
allows determination of the spin-lattice relaxation time as 
a function of temperature and identification of the spin-
lattice relaxation mechanism. To distinguish between dif­
ferent mechanisms, data''has to be sufficiently accurate to 
7 9 discern T , T , or Arrhenius behavior. The observed resonance 
does not allow determination of sufficiently accurate line-
width over a large enough temperature range. 
The existing theories for spin-lattice relaxation 
mechanism are not as accurate at higher temperatures because 
of the approximations in the treatment of the phonon spectrum. 
Hence, it would be preferable to study relaxation times of 
W^^/Nag 33WO3 at temperatures below 20 K using a pulse method. 
The study of the temperature dependence of the w"*"^ EPR 
spectrum in Na^ 33^3 was undertaken in the hope of deter­
mining if the number of the centers is constant. The 
EPR signal intensity of a constant number of spins is 
proportional to 1/T. However, the resonance could only 
.116 
be studied over a small temperature range in which the line-
shape was not constant, and it was not possible to obtain 
data accurate enough to detect deviations in the intensity 
from 1/T behavior. 
3. Triclinic Lig 33WO3 
Figure 36 shows the observed EPR spectrum in Li^ 
(No. 50A) powder. A broad resonance, AH = 170 + 10 gauss, 
g^ = 1.667 + 0.005, was observed at 21 K. A typical single 
crystal spectrum is also shown in Figure 36. The spectrum 
is similar to the ones observed in Na^ 33WO3 but is less well 
defined. The line-width of the strong resonance is 30 + 2 
gauss. No hyperfine structure could be observed. The number 
of spins contribution to the observed resonances was deter­
mined in one crystal. The result, W^otal ~ 10 
indicates that the number of w"*"^ centers in Lig is 
approximately the same as in Na^ . It is proposed that 
the origin of the centers in LXQ 33^0^ is the same as 
in the isomorphous Na^ 
4. Orthorhombic and tetragonal Na^WO^ 
Because of the difficulty of interpreting EPR results 
in crystals of low symmetry, it seemed desirable to study 
the EPR spectrum of in a better defined host of higher 
symmetry. For this reason, several orthorhombic and tetra­
gonal sodium tungsten bronzes were also investigated, but no 
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WO, POWDER (NO. 50A) 
^'0.33"^3 
f=927l MHz, T=20K 
Ho=3975 G 
97 GAUSS 
WO, (NO. 50A-I) 
Ho IN BASAL PLANE 
f=9254 MHz 
T=I7.5 K 
H =4006 G 
95 GAUSS 
Figure 36. EPE of W+S/Lig ggWOg 
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EPR resonances were observed. The samples investigated are 
listed in Table 11. 
Table 11. Orthorhombic and tetragonal sodium tungsten bronzes 
investigated by EPR 
Sample 
No. Description of Sample x-value' W 
,+5 
Orthorhombic W-bronze Na^WO^ 
S-3 ~150 mg powder 
330A-1 153 mg single crystal 
238B ^150 mg powder 
238E ~150 mg powder 
238E-1 25 mg single crystal 
238E-3 161 mg single crystal 
332D ~150 mg powder 
332D-1 52.4 mg single crystal 
Tetragonal II W-bronze Na^WD^ 
238 K 150 mg powder 
Tetragonal I W-bronze Na^WO^ 
0.003 
0.034 
0.047 
0.049 
0.049 
0.049 
0.061 
0.061 
0.125 
neg. 
neg. 
neg. 
neg. 
neg. % 
could not run 
neg. % 
could not run 
neg. 
289 g 30 mg powder 0.3' neg. 
The tetragonal I W-bronze shows metallic rather them semi­
conducting properties. The losses become larger at lower 
temperatures and less samples had to be used to prevent the 
cavity from being 'wiped out'. 
determined by Neutron activation analysis (Private 
communication, H. R. Shanks, Physics Department, Iowa State 
University, Ames, Iowa). 
^These samples were still very lossy at T = 11® K and 
the cavity resonance was 'wiped out'. 
^Private communication, H. R. Shanks. 
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V. DISCUSSION 
The structure for triclinic Na^ was discussed 
in Section II B. The proposed trigonal-bipyramidal coordi­
nation of the tungsten atoins in layer 3 suggested the possi­
bility that this compound contained a layer of paramagnetic 
w"*"^ ions. A similar relationship between coordination and 
valence state has been found to hold in the case of the 
vanadium bronzes Na^V^Og and Li^V^O^. As discussed earlier, 
based on this model, one would expect an EPR spectrum con­
sisting of a single exchange narrowed, Lorentzian resonance 
of intensity corresponding to two spins per unit cell. 
The observed spectrum in Na^ 33^0^ consists basically 
of two strong resonances with partially resolved hyperfine 
structure. The observed line-shape and line-width indicate 
that the observed resonances are due to paramagnetic centers 
diluted in the 33^0^ host. The intensity of the spectrum 
corresponds to approximately•10spins per unit cell 
(1000 at. ppm). This is a factor of 200 smaller than antic­
ipated and confirms that the suggested model of a layer of 
is incorrect. However, from the observed hyperfine 
structure and g-values, it is concluded that the observed 
spectrum is nonetheless due to . The relative intensity 
of the two resonances is strongly sample dependent and their 
principal g-tensor components are different. This indicates 
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+5 that the observed resonances arise from W ions in two 
crystallographically nonequivalent sites. It is suggested 
that the centers are point defects in the Na^ 33WO3 
host. The observed concentration for the centers is 
approximately the same as the concentration of the alkaline 
+5 
earth impurities. The W centers could be produced near 
these impurities. Another possible explanation is based on 
the suggestion by Franzen et al. (1972) that all the avail­
able crystals consist of aggregates of plate-shaped crystals 
+5 
with variations of alignment. The W defects could be 
produced at the boundaries of such aggregates. 
The observed g-values and hyperfine constants for 
W^^/Na^ ggWOg are similar to the ions at distorted octa­
hedral sites in several other compounds. The observed g-
values of w''"^(Res. 2) in Na^ ^ in CSgHfClg (Maniv et al., 
1971), and in TiOg (Chemg, 1966) are shown for comparison 
in Appendix A, Figure A3. Chang (1966) and Maniv et al. 
(1971) tried to interpret the observed g-values for the 
ground state of the w"*"^ ion. They attributed their lack of 
success to the lack of experimental information about crystal 
field paurameters and the spin orbit coupling constant, and to 
the difficulty of including covalency. The point symmetry of 
the w"*"^ center in the host Na^ 33^0^ is lower thcin that of w"*"^ 
in CSgHfClg(C^^) and in TiOg (Dg^)f which further complicates 
interpretation of the observed g-values emd hyperfine constants. 
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EPR has been very useful in determining site symmetry 
if the symmetry is at least axial. For example, it is very 
easy to distinguish a paramagnetic impurity at a trigonally 
distorted octahedral site from one at a tetragonally dis­
torted site. In the former case, one expects to observe 
four resonances due to the four magnetically ineguivalent 
sites; in the latter case, one expects three resonances. 
The magnitudes of the principal components of the g-tensor 
are the same for magnetically noneguivalent sites; only the 
orientation is different. In these cases the principal 
axes of the g-tensor coincide with the crystallographic axes 
of the site. 
For crystal fields of less than axial symmetry, no such 
simple relationship can be expected. Reynolds and Boatner 
(1972) investigated several lanthanide ions in zircon-
structure silicates. The angle, a, between the principal 
z axis of the g-tensor of orthorhombic sites and the 
+3 
crystallographic c axis was 3.5® for Yb /ZrSiO^, 10.1° 
for Yb^^/ThSiO^, and 31® for Yb^^/HfSiO^. There are also 
several paramagnetic impurities in TiOg for which the 
principal axes of the g-tensor do not coincide with the 
crystallographic axes of the orthorhombic site (Low and 
Offenbacher, 1965). Because of the very low symmetry of the 
host (Nag 33^0^)/ the orientation of the g-tensor does not 
allow any deductions about the possible structure and 
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orientation of the w"*"^ sites. 
This investigation was started in the hope that EPR 
+5 
might substantiate the proposed model of a W layer in 
Nag The EPR spectrum of a layer of would have 
been determined mainly by the interaction between the para­
magnetic ions. Crystal field effects would have been less 
important. Once it was established that the observed spec­
trum was due to w"*"^ in low concentration, the nature of the 
problem changed. In such a case, the EPR spectrum is 
basically determined by local crystal fields. In the case of 
triclinic Na^ 33^*^3 the local crystal field is not only 
not exactly known but is of such a low symmetry that an 
analysis of the observed g-tensor and hyperfine constant 
would be very difficult. 
This study confirms that triclinic Na^ 33^0^ and 
Dig 33^0g have properties that are remarkably different from 
those of all other semiconducting sodium tungsten bronzes. 
For the first time, the existence of albeit in small 
concentration, is reported for a tungsten bronze. 
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VI. SUGGESTIONS FOR FUTURE WORK 
The production of high quality single crystals of tri-
clinic Nag 33^0^ and Li^ 03^3 clearly needed for a more 
definite study. Once better single crystals of triclinic 
Nag 33WO2 become available, the oxygen and sodium positions 
should be determined by neutron diffraction. Next, it 
would be interesting to determine if the observed w"*"^ 
centers in the presently available crystals are related to 
the alkaline earth impurities. If not, an EPR study 
(preferably at a higher frequency) as a function of tempera­
ture would yield additional information which is needed to 
better characterize the observed centers in Na^ 33^0^ 
Lig^jjWOj. 
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IX. APPENDIX A: ION IN AN AXIALLY 
DISTORTED OCTAHEDRAL FIELD 
The electron configuration of is [Xe] 5d^ with ground 
2 2 term D. The free ion term D is split in an octahedral field 
into an upper doublet and a lower triplet as shown in 
Figure Al. The group labels used are those of Roster et al. 
(1962). The same figure also shows the energy levels after 
inclusion of trigonal distortion and spin orbit interaction. 
+3 1 
The EPR spectrum of Ti (electron configuration 3d ) in 
cesium titanium alum was first reported by Bleaney et al. 
(1955). The observed g-values (|çr|| | = 1.25, |gj^| = 1.14) 
have been difficult to explain. Ti^^ is cesium titanium alum 
is coordinated by a trigonally distorted octahedron of water 
molecules. The crystal field splitting would therefore be 
expected to be as shown in Figure Al. In an effort to 
explain the g-values for Ti*^, Abragam and Bleaney (1970, 
Chapter 7) calculated the energy level positions and the g-
values of the Kramers doublets A, B, and C, as a function 
of the ratio of axial crystal field parameter 6 to spin 
orbit coupling constant X. The free ion spin orbit coupling 
constant for Ti"*"^ has the value 154 cm while the cubic 
crystal field splitting is approximately 20,000 cm This 
indicates that any effects due to admixture of states 
by the spin-orbit coupling should be small, and they were 
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Fj (DOUBLET) 
r, (DOUBLET) 
r, (DOUBLET) 
n, (TRIPLET) 
r, (SINGLET) 
l5> 
OCTAHEDRAL TRIGONAL SPIN ORBIT 
FIELD FIELD (C3v) COUPLING 
2 Figure Al. Splitting of a D state in an octahedral field 
with•trigonal distortion and spin orbit coupling. 
The five final stages are all Kramers doublets 
(the labels A,B,C are those of Abragam and 
Bleaney 1970, p. 419) 
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therefore neglected. 
The three orbital states are labeled by their ficti-
r\j O/ 
tious angular momentum components |+1> and |0>. Spin orbit 
coupling , XZ's, plus an axial field which lifts the 
I + 1> level above |0>, by an amount 6, are introduced. The 
axial field may be either tetragonal or trigonal. The fol­
lowing energy matrix is obtained 
where 
- 1 
-v. 
+ 1 > 
> 
A-X/2 0 0 
0 A+X/2 -X//2 
0 -X//2 0 
iX, 
+ 1 
0/ 
0 
= ± I + i> 
{a = -1 
> 5 2^ > 
+ 1+ > 
- 1+ > 
O" > 
for the tetragonal crystal field (C^^) with the Hamiltonian 
and 
% = + 50^°) + BgOQg* + 
+ 1> = + (2/3)1/2 I + 2> - (1/3)1/2 I + ]_> 
0 >  =  0  >  
{ct = -1) 
for the trigonal crystal field (C^^) with the Hamiltonian 
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% = -2/3 + 20/2 0^3) + BgOQg* + 
There are two sets of states (Kramers conjugates) shown to 
the left and to the right with the same energy matrix, a is 
the proportionality constant needed in the calculation of 
the spin orbit coupling matrix elements if the fictitious 
orbital angular momentum states are used. The fictitious 
angular momentum states are also given in terms of the 
|l^> states for the sake of completeness. 
Table Al gives the general solution consisting of three 
energy levels, each a Kramers doublet. 
Table Al. States and energies for the Tg triplet of d^ in 
an octahedral field, with splitting due to an 
axial field and spin orbit coupling 
States Energies 
A+ = cosa I+l"> -sina o+> W^=1/2A+1/4X+1/2(A^+AX+ 9/4X^ )l/2 
A- = cosa |-l'> -sina o-> 
B+ sina 
1 
V
 
+cosa 0+> Wg=l/2A+l/4X-l/2(A^+AX+9/4X^) 1/2 
B- sina |-1*> +cosa o-> 
C+ = 1+!'*"> W^=A-1/2X 
C- = 1 —1 > 
tan2a = /UTX/CA+X/2) 
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The behavior of these three energy levels is shown in 
Figure A2 as a plot of the reduced energy (W/X) against the 
reduced axial field splitting (ô/X). If X is positive, as 
it is for a d^ ion, level A is always highest. Assuming 
that the Zeeman energy is small compared with the splittings 
between the three levels, the g-factors are easily calculated 
for the three doublets. The result, that gj| - 9j_ = 0 
for level C is rather surprising, but results from a cancella­
tion of orbital and spin angular momentum. Figure A3 is 
a plot of gII against Jgjj for the levels A and B in terms of 
the single angular parameter 2a defined in Table Al. The 
range over which doublet B is the ground state (rather than 
doublet C) is indicated by the thick portion in the figure. 
This is the portion of interest in the case of a ion. 
The ellipse passes through the point (gjj = +2, |g^| =2) 
when a = 0, appropriate for a positive infinite value of 6. 
As the value of 6 diminishes from plus infinity, g ^j and 
gj^ for the doublet B move towards the point (0,0) which 
corresponds to 6 = 0, i.e. octahedral symmetry. Figure A3 
also shows the experimental results for Ti"*"^ in cesium 
titanium alum. It can be seen that this point lies well 
inside the ellipse of allowed values. Better agreement can 
be obtained by taking into account covalency effects and 
effects due to admixture of the doublet. However, Abragam 
and Bleaney (1970) concluded that in the absence of experi-
+ 6 
+ 4 
+ 2 
+6 + 4 + 2 
- 2  -4 - 6  
8/X 
- 2  
-4 
-6  
Figure A2. Plot of the reduced energy (W/X) against the 
reduced trigonal tetragonal field splitting 
(6/X) for the three Kramers doublets of the Tj. 
orbital triplet of d^ in a nearly octahedral 
field (Abragam and Bleaney, 1970, p. 419) 
Figure A3. Plot of g,, against (gj_| for the doublets A,B of 
Table A1 Cthe left-hand portion (a=0 to IT/2) 
corresponds to doublet B, the right-hand portion 
(a=7r/2 to it) to doublet A. The thick portion 
indicates the range over which doublet B is 
the ground doublet^ lying below doublet C 
(Abragam and Bleaney, 1970, p. 422)i 
X-experimental values of (gjj , gj_) for cesium 
titanium alum (Bleaney et al., 1955) 
A-experimental values of (g,| gj^=l/2 (g^+g^) 
for W^^/TiO^ (Chang, 1966) 
a-experimental values of (g^ , g^) for 
W+5/cs2HfClg (Maniv et al., 1971) 
+-experimental values of (g;; =g^, gj^l/2 (g^+g^) 
for W^^(Res. 2)/NaQ (this work) 
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a = 0 
+2 
w 
OCTAHEDRAL 
SYMMETRY ^ 
3 7r CL - — 
a = 
OCTAHEDRAL 
SYMMETRY 
-3  
\ J 
-4  
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mental information about the position of the other energy 
levels it was not meaningful to carry the analysis any 
+5 further. In the case of W an analysis is even more diffi­
cult because only estimates are available for the cubic field 
parameter A and the spin orbit coupling constant X. The 
4.5 
observed g-values of W in TiOg (Chang, 1966); in CSgHfClg 
(Maniv et al., 1971); and in Na^ (this research) have 
been added to Figure A3 for illustrative purposes. 
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X. APPENDIX B: DETERMINATION OF THE 
g-TENSOR IN CRYSTAIjS 
The problem of finding the energy levels of a single 
spin S in a magnetic field is rather simple for an isotropic 
g-tensor. When the g-tensor becomes anisotropic, the task is 
not so trivial. The following treatment is similar to the one 
given by Carrington and McLachlan (1967, Chapter 9) and by 
Poole and Farach (1972, Chapter 6). A set of orthogonal 
axes x,y,z fixed in the crystal are chosen. (Note that in 
Section IV the set of orthogonal body-fixed axes was labelled 
(A,B,C) . The interaction between the spin S and the magnetic 
field H is given by the spin Hamiltonian: 
•< = SH • g • S = B Z H.g.,S, (Bl) 
i,k=x,y,z 1 IK K 
where g is a tensor. In the majority of cases (the excep­
tions being complexes with rather low symmetry) , the g-
tensor is symmetric (g%^ = g^^). Introducing lowering and 
raising operator = 1/2 (S^ +S ) , = 1/2 i(S^-S ) ones 
obtains : 
+S-/2{G^+IGYYHY+IG^H^+GY^HY+IG^YH^+G^^H^} (B2) 
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For S = 1/2, the secular determinant is 
a 6 
a <a|X|a> - E <a|.t| B> 
B <G|t|a> <31-^1 3> - E 
and the resulting energy eigenvalue equation is (using 
<B|,*ii|6> = <a|3£|a> and <3].•?£:|a> = <a|.?t|B> ) : 
- <a|)t| a> - |<a|%|6>| =0 , (B3) 
where 
<a|-Hlla> = 
( g f )  
ZZ 
(gfl yy 
(gf) 
XX 
and the calculation of | <a|.%| g>| yields 18 additional terms. 
These can be grouped together to give the remaining 6 terms 
2 
of the g -tensor with the general component 
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2 (g )ij = Z i/j = x,y,2 
k = x,y,z 
Equation (B3) can then be written: 
= B^/4 Z H. (g2) H . (B4) 
i,k=x,y,z ^ 
In tensor rotation: 
2 
= I- H . (ï^) • H . (B5) 
One then obtains for the energy difference for the two 
roots of Equation CB5) J(AE)^ = (Eg-Eg)^], 
CAE) 2 . (#2) • H = g2ce)BV (gg) 
where g(0) is the experimentally observed g-value. Con­
sidering an experiment in which g(6) is measured when the 
magnetic field H has direction cosines Z^ relative 
to the crystal axis, one obtains from Equation (B6): 
g2(0) = J • (g^) . r (B7) 
If the magnetic field is rotated in the xy plane, where the 
direction cosines are (cos, sin, 0), one obtains from 
2 Equation (B7) (assuming the g -atensor to be symmetric) : 
g^ (<}') = (g^)2^3^cos2^+2 (g2)^cos(}) sin*+(g2)yysin2* (B8) 
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Similar equations hold for the xz and yx planes. Measurement 
of the g-values in the xy, xz, and yz planes allows deter-
2 
mination of the elements of the symmetric g -tensor. 
5^ =, (g^)yy(g^)y2 
! 2 I 
\ 
2 2 2 
The fact that (g (g )yy, and (g ) are each determined 
2 twice {e.g. (g is determined in the xy and xz plane) 
may be employed as a check on the experimental data. 
2 
Diagonalization of the g -tensor will give the principal 
values ; 
; 0 0 \ 
-  -2 -  '  2 R gZ R = 0 92 0 
\ 0 0 g^^ 
The same orthogonal transormation matrix R diagonalizes g 
itself since 
Or ^ 'L 'V 
R g  R = R g R R g R  
and one obtains 
° ° \ 
R g R = 0 gg 0 j 
I 0 0 g^ 
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The matrix R gives the direction cosines of the principal 
axis 1,2, 3 relative to the coordinate system x,y,z 
originally chosen. 
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APPENDIX C: BLUEPRINTS OF CAVITY 
COAXIAL CABLE ASSEMBLY 
.0625'^ M-
3/8" DIA 
I/4"DIA. HOLE 
WITH 3/8"DIA. 
CENTER BORE, 
.042"DEEP 
(0-RIN6 SEAT) 
1/8 D)A. HOLES TAPPED 
FOR 4-40 SCREWS 
250"DIA. 
I/I6"DIA. HOLES, I/8"DEEF? 
TAPPED FOR 0-80 SCREWS 
(TO FASTEN IRIS CONTROL 
BRACKET) 
1.75" DIAr 
I I ll 
I II 
5/8"R: 
1/8" DIA. HOLES, 1/4" 
DEEP, TAPPED FOR 
4-40 SCREWS 
1-3/4" DIA. 
-I/I6"DIA. 
3/32"WIDE, I/16"DEEP 
0-RING SEAT 
1/8" WIDE, 3/32" 
DEEP 0-RING 
SEAT 
a) b) 
Figure CI. Top view and side cross-sectional view of dewar top cap (brass) con­
sisting of a) dewar top plate, b) dewar top cylinder 
Figure C2. Coaxial cable control bracket unit (brass) con­
sisting of a), b) coax control bracket; c) 
flat 0-ring keeper; d) coax control knob 
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a) COAX CONTROL BRACKET 
(CROSS SECTIONAL VIEW) 
—.5625— 
i 
9/16' 
.250" 
± 
JBI2" 
.062':-, 
' J. % 
1^.4375'-^ I 
-1.00-
b) COAX CONTROL BRACKET 
(TOP VIEW) 
d) COAX CONTROL KNOB 
7/l6"DiA. 
3/8"-24 THREAD 
.250' DIA HOLE 
.4375' 
3/8" DIA. HOLE, TAPPED 
FOR 3/8"-24 SCREW (FOR 
IRIS CONTROL KNOB) 
II/I6"DIA. HOLE TO 
10-80 SCREW 
c) FLAT 0-RlNG KEEPER 
1/16" THICK —|/4"DIA. HOLE 
_L 
Z 
.4375" 
•1.00 
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a) TOP VIEW 
I.I25"DIA 
.870 "DIA: 
SLOTTED TO TAKE 
END OF COAX WITH 
COUPLING LOOP 
280^ 
.250 DIA 
.375"DIA. COUNTER 
SINK TO 1/4" DEPTH 
(GUIDE FOR SAMPLE 
HOLDER) 
I/I6"DIA. HOLES FOR 
0-80 SCREWS AND 
MODULATION COILS 
b)SIDE CROSS SECTIONAL VIEW 
.750 
.062-
.250 
Figure C3. Cavity top plate (OFHC-copper) 
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a) TOP VIEW 12 HOLES 
1/16" DIA. FOR 0-80 
SCREWS AND 
MODULATION COILS 
^—IJl I 1/8" HOLE 
TAPPED FOR 6-32 
SCREW 
b) SIDE CROSS SECTIONAL VIEW 
-—.750'=— 
1^.700"-^ 
1 
t „ 
! .400" 
Figure C4. Cavity bottom plate (OFHC-copper) 
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a)SIDE VIEW 
-iiS' 
za ti 
.865 11 
b)TOP VIEW 
Figure C5. Quartz cylinder 
